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M eN 02 nitromethane
Abstract
The stoichiometric reaction o f trimethylindium with bulky p-ketoimine ligands 
(which contain a single acidic proton) provides a clean pathway to new indium 
complexes. The reactions result in elimination o f one equivalent o f methane gas and a 
range of bismethylindium P-ketoimine products which have been spectroscopically 
and structurally characterised. Manipulation o f these complexes in methyl substitution 
reactions resulted in complex decomposition via cleavage o f the p-ketoimine bonds 
with the indium metal so the capping ligand was replaced with the bulky N- 
heterocyclic carbenes which coordinate to the metal more strongly.
The reaction o f trimethylindium with the carbene (iMes) and (iMes)Cl provides a new 
high yield route to a pair o f air stable compounds. These two compounds: 
Me2ClIn(iMes) and Me3ln(iMes), are ideal precursors to more reactive indium triflate 
and triflamide complexes and are produced by their reaction with TMS(OTf), H(OTf) 
and H(NTf)2. The structurally and spectroscopically characterised complexes 
Me(OTf)2ln(iMes) and Me(NTf2)2ln(iMes) have good solubility and are active as 
catalysts in the Friedel-Crafts acylation o f activated aromatics. The complexes’ 
spectroscopic handles provide a means to identify the active catalyst in the catalytic 
cycle which our studies with Me(NTf2)2ln(iMes) suggest is a Lewis assisted Bronsted 
acid. We postulate that this species is formed by coordination o f acetic acid to indium, 
resulting in H(NTf2) formation which has been shown to be an active Bronsted acid 
catalyst in the reaction.
Chapter 1
Chapter 1 - Introduction
1.1 Indium and its Applications
Since the early 1990s, there has been a marked increase in the number o f publications 
documenting indium’s application in organic transformation reactions. One area that 
made significant impact was the discovery that indium metal can react with an organic 
substrate to generate an organoindium species in situ. This has meant that the use of 
sensitive, toxic or expensive organometallic compounds can be avoided. Organic 
catalysis reactions where indium is employed often exploit indium(III) complexes as 
Lewis acids. Most commonly, indium(III) triflate and indium(III) chloride are used, 
although they remain structurally and spectroscopically ill-defined. Conversely, the 
properties and behaviour of indium complexes synthesised as precursors for MOCVD 
(Metallo-Organic Chemical Vapour Deposition) are often overlooked, although in 
many cases they have been very well identified structurally.
The aim of this thesis is to model indium(III) triflate and indium(III) triflamide using 
well-defined complexes and uncover structure/activity relationships. Synthesis of new 
indium complexes containing spectroscopic handles and incorporating the triflate 
moiety should prove extremely useful toward this end. Determination o f solid state 
structures and monitoring the role of the complexes in catalysis via their spectroscopic 
handles should yield previously hidden information.
In this introduction a brief overview of indium, indium(III) complexes and their use in 
organic catalysis will be described. This is not an exhaustive review but should 




1.2 Indium in Organic Catalysis
1.2.1 Indium Metal in Catalysis
Until recently, research into indium chemistry was primarily devoted to the 
electronics industry due to the significance of indium semiconductors and other 
related materials. 1 Indium metal’s relatively late emergence as a useful reagent in 
organic synthesis can perhaps be attributed to its low natural abundance. Due to 
improved purification techniques and the resulting significantly lower costs, its use is 
now common in organic chemistry.
The chemical properties of indium lead to its superiority over other metals in organic 
synthesis. For example:
• Indium metal can tolerate air or oxygen and does not readily form oxides at 
ambient temperatures. This is a major advantage over most other metal 
reagents.
• Indium is practically unaltered in water unlike, for example, sodium and 
potassium.
• The first ionisation potential o f indium (5.8eV) is on a par with the alkali 
metals e.g. lithium and sodium (~5eV) which is low when compared to zinc 
(9.4eV), tin (7.3eV) and magnesium (7.6eV). This makes it an ideal candidate 
for SET (single electron transfer) reactions.
• Indium metal exhibits low heterophilicity in organic reactions. This, when 
coupled with its ability to tolerate oxygen and nitrogen functionalities, makes 
it a suitable C-C bond-forming mediator. Indium reagents also display low
2
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nucleophilicity, thus permitting chemoselective transformations at groups with 
similar reactivity.
• Its organo-compounds are non-toxic - a major advantage over the highly toxic 
organolead and less toxic organotin reagents.
It was not until the late 1980s that indium metal was first used as a synthetically 
useful reagent in organic chemistry.2 Since then, indium has been used to mediate a 
range of reactions. Several exhaustive reviews exist which describe the area. Among 
these are a review covering most o f the literature upto 1995, and a review of 
reactions mediated by indium metal and indium compounds in aqueous media in
1999.4 In 2000, reviews involving more specific areas o f indium chemistry were 
published .5,6 While a systematic review of indium-mediated chemistry was also 
released in 2001.7 Lastly, a review of indium mediated carbon-carbon bond forming
D
reactions has been published this year. These reviews offer an extremely thorough 
analysis of this area and as indium metal catalysis chemistry is not directly linked to 
this report it will not be discussed further. The following section will look at In(III) 
salts in organic catalysis specifically.
1.2.2 Indium Halides in Catalysis
Together with the development o f indium metal chemistry, indium(III) halides have 
also materialised as useful Lewis acid catalysts for carbon-carbon bond formation. A 
distinctive characteristic o f indium(III) chloride is that it is effective in both organic 
solvents and aqueous media. Although possessing comparatively weak electrophilicity 
when compared to their aluminium and boron counterparts, indium(III) salts are stable 
to water and are reusable.
3
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A number of reviews of indium(III) halides in organic synthesis have been recently 
published .5,6,9,10 While the most commonly used halides are indium(III) chloride and 
indium(III) bromide, the use of indium(III) fluoride and indium(III) iodide has also
11 19been documented. ’
Transesterification o f esters to corresponding analogues with higher alcohol moieties 
is well documented, but examples of the reverse transformation are much less 
common. A simple, yet effective, synthesis was discovered using indium(III) iodide. 11 
Even transesterification to a tert-butyl ester, which is often found to be problematic in 
acid-catalysed reactions, has been successfully carried out via this method. Extending 
this methodology, an indium(III) iodide catalysed heteroatom acylation using ethyl 
acetate in a transesterification process was also documented. 13 A catalyst loading of 
1 0mol% Inl3 was shown to selectively mediate the acylation of amines and primary 
alcohols in the presence of secondary and phenolic alcohols in an excess o f refluxing 
ethyl acetate (Figure 1).
OH OH
EtO A c
,OH 1 0 mol%  Inl3 
15h, reflux
,OAc
83%  y ie ld
F igu re 1: Inl3 selective mediated acylation o f  a primary a lc o h o l13
The same technique has been used in the conversion of both tetrahydropyranyl- and 
methoxymethyl- protected alcohols to the corresponding acetates in a one pot 
reaction. 14,15 This reaction is chemoselective for primary alcohols, only deprotecting 
secondary and phenolic ethers to their parent alcohols.
4
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While the acylation of protected alcohols by indium(III) halides has been 
documented, it has also been shown that indium reagents can be used as catalysts in 
the protecting of carbonyl groups. The indium(III) bromide (10mol%) catalysed 
chemoselective dithioacetalization of aldehydes in the presence o f ketones in both 
organic and aqueous media has been reported . 16 Prior to this, limitations in the Lewis 
acid catalysed processes resulted in the requirement for an excess of thiols, anhydrous 
conditions and a stoichiometric amount of catalyst whilst still yielding poor selectivity 
when faced with mixtures of aldehydes and ketones.
A lower loading o f indium trichloride (5mol%) also made an efficient catalyst for 
aldehyde thioacetalistion (Figure 2) . 17 Reaction times for a range of substrates varied 
considerably, from 10 minutes to 28 hours. The excellent chemoselectivity was 
attributed to the slower reaction rate of ketones in comparison to aldehydes.





F igu re 2 : InCl3 ch em oselective thioacetalisation o f  aldehydes in the presence o f  ketones
In a related study, Indium(III) chloride has also been shown to catalyse the
1 fttransthioacetalisation o f 0 ,0-acetals in excellent yields under mild conditions. This 









F igu re  3 : Transthioacetalisation o f  0 ,0 -a c e ta ls  cataylsed by InCl3 18
Other examples of indium(III) chloride catalysis with carbonyl groups involves their 
production from the rearrangement of a range of epoxides in THF solution to yield the






F igu re 4 : InCl3 catalysed rearrangement o f  ep oxid es 19
Indium(III) chloride has also been shown to be an efficient catalyst in Mukaiyama
aldol reactions of aldehydes with silyl enol ethers in water at room temperature.20 It
was found that the reaction could be enhanced further by the addition o f small




Ph' H 20mol% InCh
solvent: neat 61% yield
water 2 0 % yield
water/SDS 75% yield
F igu re 5 : InCl3 catalysed aldol reaction o f  benzaldehyde w ith sily l enol eth er21
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Indium(III) fluoride (20mol%) meanwhile has been shown to be an effective catalyst
to mediate the addition of TMSCN (trimethylsilyl cyanide) to aldehydes in aqueous
1 ^media at ambient temperature (Figure 6 ). The products o f these reactions are 
versatile synthetic intermediates allowing access to a-hydroxy aldehydes, a-hydroxy 
ketones, a-amino acids, and p-hydroxy amines. The addition is chemoselective for 




T M S C N
20m ol%  InF3 
w ater, r.t.N i i  '|sj'
80%  y ie ld
F igure 6  : InF3 catalysed addition o f  T M SC N  to aldehydes 12
A further reaction comprising carbonyls was the one pot Mannich-type reaction
O ')involving the indium(III) chloride catalysed production o f p-aminoketones. A range 
of these compounds were produced using 20mol% indium(III) chloride in aqueous 











F igu re 7 : A  one pot M annich type reaction producing P-am inoketones 22
Indium(III) halides are also active catalysts for Diels Alder reactions, which are 
ubiquitous in the regio- and stereospecific preparation o f carbocyclic and heterocyclic
7
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ring systems. Lewis acids increase reaction rate and the regio-, endo- and rc-face 
selectivities by coordination with the dienophile, i.e., with a conjugated C =0 or C=N 
group. Indium(III) chloride has been shown to be an effective catalyst of the Diels- 
Alder reaction of cyclopentadiene and acrylates in water, and can be easily recovered 
and recycled (Figure 8 ).
+ /
20m ol%  I11CI3 
H20
X
X  = CHO, C 0 2M e, COM e 86-89%
endo/exo = 9/1
F igure 8  : InCl3 catalysed D iels-A lder reaction o f  cyclopentadiene and acrylates 23
Indium(III) chloride has also been used in the related imino Diels-Alder reaction for 
the synthesisis of quinoline and pyridine derivatives. Indium(III) chloride has a clear 
advantage over other Lewis acids that promote these reactions. These reactions 
require the addition of more than a stoichiometric equivalent o f Lewis acid as a result 
of the strong coordination o f the Lewis acid to the nitrogen atoms.24,25 As mentioned 
previously, indium has a lower affinity for nitrogen functionalities and thus in contrast 
can be used efficiently at 20mol% loadings. An example o f this is shown in Figure 9 









F igu re  9 : Exam ple o f  InCl3 catalysed im ino D iels-A lder reaction o f  a S ch iff base with
cyclopentadiene 26
Along with indium(III) halides, indium(III) triflates are also well documented as 
active Lewis acid catalysts in a number of organic transformations.
1.2.3 Indium(III) Triflate in Catalysis
The use o f indium(III) triflate in the acylation of alcohols and amines with acetic 
anhydride has been reported under very mild conditions.27 It was demonstrated that 
only very low catalyst loadings are required to acylate heteroatoms in excellent yield 
at room temperature. Even polyhydroxy compounds such as D-mannitol are acylated 
in excellent yield (94%) (Figure 10). The use o f isopropenyl acetate instead of acetic 
anhydride is documented and this avoids the production of acetic acid as a by-product 
in the acylation of alcohols. Using catalytic quantities o f indium(III) triflate in tandem 
with stoichiometric lithium perchlorate the predominant side-product in this reaction 
is the more benign acetone.
c h 2o h C H 2OA c
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Indium(III) triflate’s efficacy in Diels-Alder reactions has also been reported. As 
well as activating aldehydes it can also preferentially activate imines in the presence 






In (O T f)3 0 .5m ol%  
M eC N
83%  y ie ld
<5%  y ie ld
F igu re 11 : Com petition reaction o f  D anishefsky’s D iene + 1 : 1  benzaldehyde : N -benzilideneaniline 28
It was postulated that because indium(III) triflate can also promote imine formation, 
the catalyst should be able to drive a three component coupling reaction of aldehyde, 
amine and diene in a similar manner to that demonstrated with lanthanum and
♦ • 9Qscandium triflates but at much lower catalyst loadings than 10mol%. This was 
proved to be the case at 0.5mol% loadings, with the catalyst retaining its activity even 
in the presence o f water and amines at these low loadings.
Indium(III) triflate like indium(III) chloride has also been successfully used in the 
thioacetalization and transthioacetalization o f aldehydes and oxyacetals respectively. 
A range of catalyst loadings (8-25mol%) at ambient temperature in CH2CI2 show 
short reaction times (5mins-4hrs) and high yields (80-95%) over a range of




A simple and efficient method for tetrahydropyranylation and depyranylation of
alcohols, as well as acetylation of tetrahydropyran (THP) ethers, using a catalytic
11
amount o f indium(III) triflate has also been reported. The protection o f 3- 
cyclohexene-1-methanol for example takes only 30 minutes (Figure 12), whilst the 
deprotection step takes lOhrs and gives a reduced yield of 60%.
0.5mol%  In (O Tf)3 
CH2 C12, 0°C, 30m ins
80% yield
F igu re 12 : The tetrahydropyranylation o f  a primary alcohol to its TH P protected analogue 31 
An indium(III) triflate-catalyzed tandem procedure for tetrahydrofurans has also been
o -y
reported. It was determined that the mechanism relied on the indium(III) triflate- 
catalyzed (3,5) oxonium-ene type cyclization and a thermo-dynamically controlled 










F igu re 13 : C onvergent formation o f  cyclic  ethers catalysed by indium(III) tr ifla te33
Cy
Meanwhile O-H insertion reactions of a-diazo ketones with aliphatic/aromatic 
alcohols or benzenethiol using indium(III) triflate as the catalyst (Figure 14) show that
11
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primary and secondary alcohols react rapidly whilst tertiary alcohols required 3 hours 
to complete the reaction .34
© © 
= N = N
'OBu
BuOH
10m ol%  In(OTf)3  
r.t., 2  m ins 93%  yield
F igure 14 : In(O Tf) 3 catalysed production o f  an a -a lk o x y  ketone from an a-d iazo  ketone 34
Indium(III) triflate is also an active mediator in the (4+2)-cycloaddition of chromone
o c
Schiff s bases. A simple one pot reaction from the starting amine to the final 
product, demonstrated that 3,4-Dihydro-2H-pyran reacts with a variety of chromone 
Schiff s bases (Figure 15). Indium(III) triflate mediates the endo cycloadducts 
regiospecifically in high yields at ambient temperature and pressure.
75% yield
CHO
F igure 15 : one pot reaction show ing (4+2)-cycloadd ition  o f  chrom one S ch iff b a s e s 35
Finally a catalytic, asymmetric synthesis o f p-lactams using a bifunctional catalyst 
system consisting of a chiral nucleophile and indium triflate has been reported.36 
Previous work has shown that nucleophilic ketenes react with electrophilic imines in 
the presence o f a chiral nucleophile (typically benzoylquinone) to give P-lactams in
12
Chapter 1
high enantioselectivity but only moderate yield. Indium(III) triflate was the best 
overall Lewis acid co-catalyst with benzoylquinone for promoting the reaction o f N- 
tosyl imine with the ketene precursor, phenylacetyl chloride, forming p-lactams in 
excellent yield. High enantioselectivity was achieved (>95%) and the inclusion of 










95% yield, 98% ee, 60/1 dr
F igu re 16 : In (O T f)3 and benzoylquinone co-catalysed production o f  P-lactams 36
Indium(III) triflamides have also recently been documented as active Lewis acid 
catalysts in several organic transformations.
1.2.4 Indium(III) Triflamide in Catalysis
Recently the efficacy o f using indium(III) triflamide, In(NTf2)3, an indium(III) triflate 
analogue, in aromatic electrophilic substitution reactions was documented.37 The 
compound itself was prepared by reaction of indium(III) oxide, (h^C^), with 3 
equivalents of bis(trifluoromethanesulfonyl)imide [H(NTf2 )] .38 It is suggested that the 
more weakly coordinating nature o f the triflamide over the triflate anion leads to 





The previous section showed the role of I11X 3 in organic catalysis where (X = halide 
triflate or triflamide). The exact nature of the active species in solution during each of 
the documented reactions is unknown. To understand the behaviour of In(III) in 
catalysis it is useful to have structural and spectroscopic data o f well defined 
complexes to compare with. Therefore both structural and spectroscopic handles are 
required. This section shows the documented stabilisation o f indium(III) centres to 
yield structural and spectroscopic information about the metal centre.
Trivalent indium has been coordinated to a range o f ligands and this section shows 
some o f the coordination chemistry that has been documented. Generally these 
complexes have been synthesised just for structural interest or MOCVD. Further 
chemistry is rarely reported. This section contains indium(III) halide and 
trimethylindium adducts as well as complexes synthesised both from their adducts and 
from the available indium starting materials. A brief summary of the few documented 
structurally defined indium triflate complexes is also included.
1.3.1 Indhim(lII) Halide Adducts
The formation o f coordination complexes between indium(III) halides and neutral 
ligands containing either nitrogen, phosphorus, oxygen or sulphur donor centres is 
now a well established area o f chemistry. They are usually synthesised by the 
general scheme shown in Figure 17.
excess L
lnX3 ----------------► Ln— *HnX3 n = 1to3
F igu re  17 : The general schem e o f  InX 3 adduct formation  
(where X = halide and L = neutral electon  donor)
14
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The steric bulk of L, the neutral electron donor determines whether it is one, two or 
three ligands that are coordinated to each indium centre.
1.3.1.1 Indium (III) Halide Adducts with Oxygen Donors
Adducts of indium(III) halides have been synthesised by reaction of the halides in 
polar solvents with strong oxygen donor ligands. For example, InCh has been 
coordinated to three equivalents of tetrahydrofuran (THF) by stirring InCl3 in a large 
excess of THF at reflux for 24 hours.40 The resulting crystal structure showed the 
geometry about the indium atom to be approximately octahedral, where the THF and 
chloride ligands adopt a meridianal conformation about the indium. More recently the 
bis THF adduct InBr3(THF)2  has been synthesised by repeating the above process 
with indium tribromide for 48 hours.41 The larger steric bulk of the bromine atoms 
stops a third molecule of THF binding to the indium centre as in InCl3(THF)3 . The 
crystal structure revealed that the five coordinate metal centre adopts a trigonal 
bipyramidal geometry with the three halogen atoms in the equatorial plane and the 








F igure 18 : Crystal structure o f  InBr3(THF ) 2 41
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I11CI3 can also be readily coordinated to the oxygen donor atom of other solvent 
ligands, as demonstrated by the ligation o f indium trichloride with 
dimethylformamide (DMF), dimethylacetamide (DMA) and acetophenone. 42
1.3.1.2 Indium(III) Halide Adducts with Phosphorus Donors
Indium(III) halides have also been coordinated to various phosphines. The indium(III)
halide bis-monodentate phosphine complexes [InBr3(PMe2Ph)2] (Figure 19) and 
[Inl3(PMePh2)2] have been documented.43 In the indium tribromide complex, the In-P 
bonds are equivalent at 2.614(3)A and 2.622(3)A and the P-In-P angle is almost linear 
at 177.34(8)°. In the indium triiodide complex the In-P bonds are slightly longer at 
2.712(3)A and 2.719(3)A as expected while the P-In-P bond is slightly kinked at 
169.82(9)° showing a distorted trigonal bipyramidal geometry. Other indium(III) 
halide monodentate phosphine complexes which have been structurally characterised 
include the 1:1 adducts [Inl3(PHPh2)] and [In^P H 'B ^ ) ] , 44 the 2:1  adducts 
[InCl3(PPh3) 2] ,45 [InCl3(PMe3)2] and the 2:3 adduct [(In^M P hzP C ^C IW P hih] 46 
Reactivity studies of these complexes are not reported.
Coordination o f indium halides to bidentate phosphine ligands is also possible. 
Bis(diphenylphosphino)benzene has been bound to indium(III) chloride and 
indium(III) iodide.47 The 1:1 reaction o f M 3 and [1,2-
Me Br Br Me
F igu re 19 : Structure o f  [InBr3(P M e2Ph) 2] 43
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Bis(diphenylphosphanyl)benzene] in toluene gave the complex shown in Figure 20. A 
broad singlet is observed in the 31P{'H} NMR spectrum due to the phosphorus 
coupling to the quadrupolar indium nuclei 113In (4.3%, I = % ) and 115In (95.7%, I = 
%).
Figure 2 0  : Crystal structure o f  [InI3(PM ePh2)2 ] 47
1.3.1.3 Indium (III) Halide Adducts with Nitrogen Donors
One of the first structural examples of indium trihalides bound to nitrogen was
synthesised by the reaction of trimethylamine with indium trichloride. (MesN^InCh 
(Figure 21) was produced by stirring up an excess of amine with indium(III) chloride 
in THF.48 Only structural studies of the complex were reported, which show the In-N 
bond lengths to be equivalent within errors at 2.345(19)A and 2.320(20)A and the 
N(l)-In-N(2) angle to be linear at 179.90(13)°. More recently [(CeHsCHzfcNHJfclnCb 
has been synthesised via the same technique.49
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Figure 21 : Structure o f  (M e3N )2InCl3 48
1.3.1.4 Indium (III) Halides Adducts with Sulphur Donors
Ligands containing sulphur have also been coordinated to indium trihalides. Two 
examples are the complex trichlorobis(N,N,N',N'-tetramethylthiourea)indium(III),50 
and the coordination of l,3-dimethyl-2(3H)-imidazolethione (or dmit) to both indium 
trichloride and indium triiodide (Figure 22).51 In each case these adducts have been 
synthesized and structurally assigned but no further reactivity studies were reported.
^Me Cl Me^
Me— N I  N - M e
\  1 /
C = S -H n  —S = C
/  .• \  \
Me— N ^  \  N—Me
Me 01 01 Me"
Figure 22 : Structure o f  trichlorobis(N,N,N',N'-tetramethylthiourea)indium(III) 50 and the crystal 
structure o f  l,3-dim ethyl-2(3H )-im idazolethione with indium(III) chloride 51
1.3.1.5 Indium (IlI) Halide Adducts with N-heterocyclic Carbenes
Indium trihalides can also be stabilised by A-heterocyclic carbenes. For example, the
reaction of InBr3 with free l,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (‘Pr) 
carbene results in the formation of ‘PrInBr3 (figure 23).52 The coordination of N -  
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F igure 23 : Crystal structure o f ‘PrInBr3 52
1.3.2 Reaction of Indium(III) halides to form Indium(III) complexes
While adducts o f indium(III) halides are readily formed by combining indium(III)
halides with suitable donor ligands, substitution reactions o f halides at the indium 
metal centre are also possible. This section shows that use o f suitable reagents 
including Grignards, alkyl lithiums and lithium amides results in halide substitution. 
The first example documents the use of a Grignard reagent to synthesise a 
phosphavinyl indium complex (Figure 24).53
lBu
  , CyMgCl








F ig u re  24 : R eaction schem e show ing for [C yIn{C (tB u )= P C y }2] synthesis 53
The crystal structure is shown in Figure 25 and while the indium is only 3-coordinate, 
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F igure 25 : Crystal structure o f  [CyIn{C(tB u )=P C y}2] 53
The route to indium amide compounds by reaction of indium trihalides with lithium 
amides has also been reported. The reaction of indium trichloride with a lithium 
amide reagent - MeN(SiMe2NMeLi)2  for example, results in formation of the dimer 
[ClIn(NMeSiMe2)2NMe]2  by elimination of lithium chloride (Figure 26).54 Such 
compounds are potentially useful for MOCVD. The structure for 
[ClIn(NMeSiMe2)2NMe]2  is shown in Figure 27.
MeNH2
Me2SiCl2 ----------------- ► Me2Si(NHMe)2
+
nR n  I iMeN(SiMe2NHMe)2 ------------ ► MeN(SiMe2NMeLi)2
InCl3
[ClIn(NMeSiMe2)2NMe]2 
Figure 26 : [C lIn(NM eSiM e2)2N M e ] 2 synthesis 54
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The compound is a dimer in the solid state where an In-N-In-N four-membered ring is 
formed. This is common structural motif observed in indium crystal structures where 
electron rich atoms (e.g. oxygen, nitrogen) either a  or p to the indium act as bridges. 
Dimerisation can be blocked by large groups protecting the coordination sphere of the 
metal (see Chapter 2).
F igure 27 : Structure o f  [C lIn(N M eSiM e2)2N M e]2 54
Research into single source indium-amide precursors for MOCVD resulted in the 
isolation of a stabilised intermediate in a chloride abstraction reaction. The reaction of 
a lithiated aniline species with indium trichloride using THF as the solvent media 
shows surprisingly, not chloride abstraction but formation of what was termed a 
dichloroindium amide.55 The structure shown in Figure 28 can be rationalised by the 
fact that the three molecules of TF1F coordinate to the lithium, satisfying some of its 
desire for electron density. As a result the lithium does not require such a strong bond 
with the chloride and instead of being abstracted, one o f the chlorides forms a bridge 











Figure 28 : (T H F)3Li(p-Cl)CI2InN(SiM e3)(Dipp) (Dipp = 2,6-diisopropylphenyl) 55
Alkyl lithium reagents have also been shown to be useful reagents for halide 
substitution. Reaction of indium trichloride with two equivalents of (2,6- 
diphenylphenyl)lithium caused substitution of two of the chloride ligands (Figure 
29).56 In this case although the analogous gallium iodide structure is reported, despite 
repeated attempts at growing suitable crystals, a crystal structure of the indium 
compound could not be obtained. Analysis of the indium complex by 'FI, l3C NMR 
spectroscopy and elemental analysis suggested it is likely to be structurally similar to 
the gallium iodide analogue. As the gallium structure shows, steric protection of the 
metal’s coordination sphere ensures dimerisation of the complex cannot occur in the 
solid state.
F igure 29 : Synthesis o f  (Ph2C6H3)2InCI and crystal structure o f  (Ph2C6H3)2G a I56
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1.3.3 Trim ethylindium  Adducts
Trimethylindium itself has been found to exist as a loosely associated tetramer in the 
solid state.57 Tetramer formation occurs due to intermolecular CH3 **«In interactions 
between the metal and a methyl group on a neighbouring metal atom. In fact a weaker 
interaction through 4 more neighbouring methyl group exists, linking the tetramers 
into an infinite three-dimensional (3D) network (Figure 30).
F igure 30  : The tetrameric structure o f  InM e3 and the extended 3D  network 
view ed along one o f  its planes 57
Table 1 shows bond lengths of interest in the crystal structure. The InMe3 molecules 
are bound into cyclic tetramers by intermolecular In**«C(l) contacts of 3.083(12)A. 






Intermolecular In»**C(l) contacts 3.083(12)
Extended 3D In***C network contacts 3.558(15)
T able 1 : Table o f  relevant bond lengths in InM e3 57
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A search of the Cambridge Structural Database (CSD) revealed that few structural 
examples of adducts o f trimethylindium have been reported. Structurally characterised 
examples include adducts with tertiary amines,58,59 trialkylphosphines,60,61 
trisilylphosphines and phosphine oxides. ’ The 2:1 adduct formed by reaction of 
InMe3 and diphenylphosphinoethane (dppe) showed trimethylindium can be stabilised 




P — In— Me
Me Ph
Ph Me
F ig u re  31 : Structure and crystal structure o f  dppe#2(InM e3)61
More recently, adducts o f InMe3 stabilised by the bidentate tertiary amine N .N .N ^N ’- 
tetramethyl-4,4,-methylenebis(aniline) (MBDA) were documented where both the 2:1 
and the 1:2 adducts were formed.59 The 2(Me3ln)*MBDA 2:1 adduct is four- 
coordinate and exists in a distorted tetrahedral environment (Figure 32). The In-N 
bond lengths are significantly shorter than those in the 1:2 adduct (Figure 33). They 
are 2.446(3)A and 2.462(2)A in length indicating a much stronger indium-nitrogen 














F igure 32 : Crystal structure o f  the 2:1 adduct 2 (M e3In)*M BDA 59
The structure of Me3ln*2(MBDA) (Figure 33) includes the longest In-N bond lengths 
[2.720(4)A and 2.865(4)A] ever reported and is one of only a few monomeric 5- 
coordinate alkylindium adducts. These generally involve chelating donor ligands (eg. 
Me3 ln*Me2NCH2NMe2 and Me2lnCl*2,2’bipy),64,65 and structural data is scarce. The 













F igure 33 : Crystal structure o f  the 1:2 adduct M e3In*2(M BDA) 59
While there are many examples of trimethylindium acting as a single lone pair 
acceptor,66 only rarely have adducts been formed where two or more Lewis base 
donor atoms are present per indium atom. While one such example has already been 
mentioned [Me3ln*2(MBDA)],59 other examples include that o f trimethylindium with 
diaazobicyclo[2.2.2]octane (DABCO),67 where indium is bound to two Lewis base
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donor atoms, and the adduct of InMe3 bound to a tridentate triisopropyl- 
triazocyclohexane ligand.58 Trimethylindium adducts of the empirical formulae 
InMe3-C3H6N 3R3 where R = Me, ‘Pr or *Bu have also been reported.68 Only 
InMe3*{N(lPr)-CH2-}3  was structurally characterised (Figure 34).
Me
Me
F igu re  34  : Structure o f  InM e3 C3H 6N 3(1Pr)3 58
1.3.4 Reaction of Trimethylindium to form Indium(III) Alkyl Complexes
Reaction of InMe3 with functional groups containing acidic hydrogens often results in
methane elimination by protonolysis. The subsequent syntheses discussed in this
section occur via this reaction pathway.
X H
lnMe3 ---------------- ► R lnMe2
-CH4
F igu re  35  : The general schem e o f  InM e3 reaction with alkyl com pounds 
(where X = functional group)
1.3.4.1 Bismethylindium Complexed to Phosphorus Donors
Reaction of trimethylindium with diphenylphosphine in toluene at room temperature
results in methane elimination.69 The product is a trimer in the solid state (Figure 36) 
where each indium is 4-coordinate and takes up a position in the chair conformation 
o f the 6-membered [-In-P-]3 ring. Reactivity studies showed the compound 
demonstrates little reactivity toward Lewis bases such as amines, ethers or other
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phosphines. Use o f a more sterically demanding phosphine results in a four- 
membered ring dimer i.e. [Me2ln-P(SiMe3)2]2 instead of a trimer.70
Ph Ph
Me Me
F igu re 36 : Structure o f  (InM e2PPh3)3 69
1.3.4.2 Bismethylindium Complexed to Nitrogen Donors
Structurally characterised 5- and 6-coordinate monomeric organometallic indium
71complexes with nitrogen ligands have also been reported. The scheme in Figure 37 
shows that reaction o f a pyridine adduct of InMe3 (formed by a 1:1 pyridine : InMe3 
mixture in hexane) with a bidentate diphenyltriazene ligand (Hdpt), results in the 1:1 
indium bismethyl complex via loss of one equivalent of methane (Figure 38). 
Reaction with a second equivalent of the 1,3-diphenyltriazene ligand gave the 1:2 
complex.
H d p t H d p t
In M e 3(3 ,5 -M e 2p y )  -------------► In M e2(d p t)(3 ,5 -M e 2p y ) ------------ ►  In M e(d p t)2(3 ,5 -M e 2p y )
-C H 4(g )  -C H 4(g )
F ig u re  37  : R eactions o f  InM e3.n(dpt)n type com pounds 71
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F ig u re  38  : Structure o f  InM e2(dp t)(3 ,5 -M e2py)
Another route to these compounds, via the chloride analogues has also been 
reported.71 Reaction o f the lithium salt o f the ligand (Lidpt) and InC^ gave the 
bischloride complex.72 Its treatment with MeLi resulted in a mixture o f the 






F igu re 39  : A n  alternative route to InM e3.n(dpt)n com pounds 72
Direct reaction o f trimethylindium with primary and secondary amines also results in 
methane elimination. Figure 40 shows the crystal structure of the product o f a reaction 
o f InMe3 with benzylamine to form the dimer, [Me2InN(H)CH2Ph]2. Reactivity 









F igu re 40 : Crystal structure o f  [M e2InN(H )CH 2Ph] 2 73
1.3.4.3 Bismethylindium Complexed to Oxygen Donors
Indium(III) alkyls have also been reacted with oxygen donor ligands. The synthesis of 
InN^CCsHs),75,76 and a subsequent cyclopentadiene elimination reaction via reaction 
with 2,4-pentanedione (acetylacetone or acac) gave the complex [Me2 ln(acac)]2 .77 The 
synthesis of this complex had already been reported but via the reaction of 





-M eO H OIA
02A
C6
Figure 41 : Reaction o f  pentane-2-4-dione and M eOInM e2 to g ive [M e2In(acac) ] 2 78
The acac chelates through its oxygen atoms to form 6-membered In-O-C-C-C-O-In 
rings in a n  conjugated system and dimerises through 4-membered In-O-In-O rings.
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These type of indium compounds and their dimeric formation will be discussed in 
depth in Chapter 2.
1.3.5 Structurally Defined Indium Triflate Complexes
Until recently,79 only two structural examples of indium triflate complexes had been
• • • • 80 reported (see Chapter 3 section 3.2.1.7-8). These are an indium(I) triflate species,
81and a mixed coordination indium(III) polymer.
89Indium(I) triflate is synthesised by direct reaction of Cp*In (Cp* = CsMes) with 
triflic acid (HOTf).
InCp* + HOTf InOTf + Cp*H
Figure 42 : synthesis o f  indium(I) triflate
Figure 43 shows the solid state asymmetric unit consists of two independent ion pairs 
each having a particularly short In-0 contact of2.579(6)A or 2.589(6)A. The crystal 
structure actually consists of columns of indium(I) cations separated by columns of 
triflate anions 4.9834(4)A apart. Each indium has 4 close contacts to oxygens on 
different triflate anions (<3A) and a total of 12 contacts to oxygen and fluorine atoms 
within a 4A radius in the solid state.
Figure 43 : Crystal structure asymmetric unit o f  indium(I) triflate 80
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Figure 44 shows the only other indium triflate complex, as reported by Fischer et al.
ft 1 •during their research into indium-nitride thin films. The structure can be interpreted 
as the co-crystallisation of two different monomers: (CF3S0 3 )In[(CH2)3NMe2)]2 and 
(N3)In[(CH2)3NMe2)]2- The indium of interest occupies an octahedral geometry where 
it is bound to the triflate ligand with an In-0 bond length of 2.473(2)A while the 
pentacoordinate indium is weakly coordinated to the oxygen of the triflate ligand on a 
neighbouring molecule and a one-dimensional (ID) coordination polymer is 
propagated.
F igu re  44  : Structure o f  {(C F3S 0 3)In[(CH2)3N M e2)]2(p  -N 3)In[(C H 2)3N M e2)]2}x 81
1.4 Summary
Indium has been bound to a range o f Lewis basic ligands and the available structural 
data shows indium can adopt a range of coordination numbers in the solid state. The 
commercially available indium(III) halides and trimethylindium can form adducts 
which are readily crystallised and can yield information about the geometry around 
the metal centre. They are also useful precursors to a range o f complexes. Generally 
the adducts and indium complexes are 5-coordinate and adopt trigonal bipyramidal 
geometries when sterics and binding positions allow it.
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1.5 Scope of Thesis
Indium(III) salts have received considerable attention as Lewis acids in recent years. 
Their stability to coordinating functional groups present in organic synthesis makes 
them excellent catalysts for a wide variety of transformations. For transformations 
mediated by Lewis acids, InOTf3 and InC^ are particularly efficient catalysts. These 
catalysts are ill-defined both structurally and spectroscopically. As a result, the active 
species when these reagents are used as catalysts are unknown and can only be 
speculated at.
The goal of this thesis is to synthesise a library o f new well defined molecules based 
on indium triflate (and related triflamide [NTf2]) and indium (III) chloride that are 
suitable for single crystal X-ray analysis and NMR spectroscopy and can therefore be 
unambiguously structurally characterised. This should provide us with a means to 
ascertain vital and previously unknown information about the activity o f indium(III) 
triflate, indium(III) triflamide and indium(III) chloride in Lewis acid catalysed 
organic transformation reactions.
Our intended complex design is shown in Figure 45. Introduction o f a capping ligand 
to trimethylindium and indium(III) chloride should stabilise the metal centre. This 
stabilisation should make it possible to substitute some o f the methyl/chloro groups 
for more labile ligands such as triflates and triflamides. The weakly interacting nature 
o f the triflate and triflamide anions means they can break their bonds with the indium 
core to generate a vacant site at the metal centre. It is hoped that this vacant position 
generated will be a Lewis acidic active site to which an organic substrate can bind 
whereby the complex can act as a catalyst.
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X OTf
F igu re  45  : General schem e for com plex design (w here L = capping ligand, X = M e, Cl)
It should prove possible to substitute more than one methyl or chloride ligand, so 
replacing two or all three methyls or chlorides with systems with higher lability will 
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Chapter 2 - (3-Ketoimine Complexes of In(III)
2.1  I n t r o d u c t i o n
To gain a better structural awareness of Lewis acidic indium complexes and study 
their subsequent activity, it is vital to have a system from which structural information 
can be readily obtained, p-ketoimine ligands and derivatives thereof suggested 
themselves as good candidates for preparing such complexes and currently few 
examples of p-ketoimine complexes of indium exist, p-ketoimines can be readily 
functionalised at a range o f positions and should provide a good route to structurally 
characterised indium complexes.
Firstly an introduction to the three closely related ligand types including P-ketoimines 
will be briefly reviewed, including their coordination to indium. This will be followed 
by a report o f our synthesis o f a range of structurally well-defined indium p-ketoimine 
systems.
2.1.1 P-Ketoimine, P-Diketone and P-Diketiminate Complexes of Indium
The use o f P-diketones, p-ketoimines, and p-diketiminates ligands is widespread in
* • t  1 i
coordination chemistry. ' The general framework of these three ligands is shown in 








P-diketones P-ketoim ines P-diketim inates
F igu re 1 : The three chelating ligands (w here R can be a range o f  alkyl groups or hydrogens)
2.1.2 p-Diketone Complexes of Indium
Much attention has been paid to the structural chemistry o f p-diketones involving 
keto-enol tautomerism (Figure 2).4,5
o o  o ,o
H
F igu re  2 : K eto-enol tautomerism o f  p-diketones
This tautomerism allows acac to react with InMe3 to produce [Me2ln(acac)]2- The 
driving force for the reaction is methane elimination which occurs via protonolysis 
with the enol tautomer providing the acidic hydrogen. The loss of a proton from the 
enol, gives the ligand a monoanionic charge and thus on binding to the indium the 
metal retains it +3 oxidation state. A fluorinated derivative o f [Me2ln(acac)]2  has also 




Indium has also been bound to this type of ligand for ion-size recognition studies of 
group 13 metals with modified p-diketones.7 It was determined that structural 
modification o f the p-diketone chelate by introduction of bulky groups, altered ligand 
sterics improving selectivity between indium and aluminium. This change in sterics 
caused a change in the 0  0  distance between the oxygens o f the two carbonyls in the 
chelate ring and the ligands could be tuned to improve selectivity towards either metal 
ion.
The previous two examples show indium : P-diketone 1:1 dimeric complexes, but it 
also possible to bind more than one equivalent of the ligand to indium as shown by 
the complexation o f indium to dibenzoylmethanate in a 1:3 ratio. Dimer formation in 
this case is avoided by steric protection.
inCi,
-3NaCI
F igu re  3 : Schem e show ing the reaction o f  dibenzoylm ethane w ith InCl3 7 
Use of salicylaldehyde compounds instead of p-diketones still results in indium P-
Q
diketonate complexes (Figure 4).
InMe-i
OH -CH4
Me\  / ° ^ \  
/}------\  Me— In )
x - ' 'O Me
F igu re 4 : D im er form ation as a result o f  reaction o f  InM e3 with one equivalent o f  salicylaldehyde
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More recently, InMe3 was reacted with methyl salicylate 2 -(H0 )C6H4C0 2 Me or
MeO
F igu re 5 : Product o f  reaction o f  InM e3 w ith H m e sa l9
The reaction is stoichiometric and proceeds in essentially quantitative yield with one 
equivalent of methane eliminated.
2.1.3 P-Diketiminate Complexes of Indium
p-diketiminates have been bound to a host of main group and transition metals and 
lanthanides. 10,11 Recently there has been a revived interest in these bidentate, 
monoanionic ligands. This is particularly the case when the more sterically 
encumbered derivatives are concerned, especially those containing ortho-substituted 
aryl substitutents. The steric bulk o f these ligands allows them to stabilize low 
coordination numbers, rare coordination geometries and low oxidation states. 12,13
Coordination o f the bulky [dipp2nacnac]' ligand (Figure 6 ) to a range of metals has 
been reported including nickel, 14 palladium , 15 iron and copper, 16,12 as well as indium 
and other group 13 metals (dipp = C6H3-2 ,6 -i-Pr2 where nacnac' was so named 
because o f its analogy to acac' ) .11




F igu re  6 : General schem e for (3-diketiminates and dipp2nacnac*
The synthesis o f the bis-methyl, -chloro, -bromo and -iodo indium complexes of 
dipp2nacnac have been reported (Figure 7) . 11 The formation of these 4-coordinate 
indium compounds occurs via a reaction of indium(III) halide precursors with lithium 
etherate salts o f the ligand. The bis-methyl derivative is then accessible by the 
reaction of two equivalents o f methyl Grignard with the bis-chloride complex. 17 The 
bulky dipp groups ensure dimerisation cannot occur and as a result all four of the 
indium complexes are monomeric.
InXi
-LiX
F igu re  7 : Reaction schem e o f  InX2dipp2nacnac (w here X  = Cl, Br, I ) 11
The reaction o f trimethylindium with the bidentate monoanionic ligand N ,N’- 
diisopropylaminotroponiminate ('Pr2-ATI)H, a similar system to the p-diketiminates, 











F igu re 8 : Synthesis o f  M e2ln (‘Pr2-A T I) 18
Me2ln('Pr2-ATI) is also accessible via the bis chloride congener, Cl2ln( Pr2-ATI). 
Me2ln(‘Pr2-ATI) is a monomer in the solid state.
2.1.4 P-Ketoimine Complexes of Indium
p-ketoimines - Schiff-base derivatives of P-diketones - were first documented in 
1927,19 and can be considered to exist in two basic forms (Figure 9).
F igu re 9 : The two basic forms o f  a P-ketoim ine
90 91p-ketoimines have been coordinated to silicon, copper(I), zirconium(IV) and
99titamum(IV), but reports of their coordination to indium are scarce. However, 
trimethylindium and triethylindium have been reacted with the Schiff base ligands of 
Af-salicylidene-2-aminopyridine and7V-salicylidene-2-methoxyaniline (Figure 10) .23
InRi
-RH
F igure 10 : R eaction schem e for the reaction o f  trimethyl- and triethylindium  w ith N -salicylidenes
(where Ar = 2-m ethoxyaniline, 2-am inopyridine and R  = M e, Et) 23
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Mass spectrometry shows no peaks higher than that o f M+, implying that solid state 
dimerisation does not occur. The two triethylindium species (A) and (B) have been 
shown to be 5- and 4-coordinate respectively in the solid state (Figure 11).
Me
A B
F igu re 11 : The com pounds o f  Pan et al. (A  and B ) 23
InMe3 reacts with a stoichiometric quantity o f 2 -(2 -pyridyl)ethanol to produce 
indium[2-(2-pyridyl)]ethoxide (Figure 12) .24 While this is not a P-ketoimine, the 
reaction occurs through a similar pathway, i.e. methane elimination. The sterics of the 
ligand system permit dimerisation to occur and as a result the two indium metal atoms 




F igu re  12 : Reaction o f  2-(2-pyridyl)ethanol w ith trim ethylindium  24
Indium p-ketoimine analogues have also seen use in MOCVD. The utilization of 
HOC(CF3)2CH2NHR, (R = (C F ^O M e, Me or *Bu) with InMe3 gave the type o f 






/ \  c f 3
f 3c
F igu re 13 : R eaction o f  H O C(CF3)2CH2N H R  with InM e3 (w here R = (C H 2)2OM e, M e, or lB u ) 25
By altering the R group on the nitrogen to a CH2CH2NMe2 and adding a methylene to 
the linker between the ketone and amine group, dimerisation was avoided. The
F igu re. 14 : Reaction o f  0 = C (C F 3)C H 2C (CF3)=N C H 2CH2N M e2 with InM e325 
2.1.5 Summary and Scope of Chapter
In summary, there is precedent for coordinating indium to p-diketone, P-diketiminate 
and P-ketoimine ligands and some o f these compounds have been structurally 
characterised. However no reactivity studies on these systems have been reported. 
These systems will often dimerise in the solid state by forming 1 ^ 0 2  four-membered 
rings unless steric protection of the metal centre prohibits it. The literature suggests
nitrogen from the NMe2 group stabilises the indium and makes it 5-coordinate, also




that direct reaction of trimethylindium with p-ketoimines should result in bismethyl 
indium complexes from which it should be possible to grow crystals suitable for 
single crystal X-ray diffraction.
A range of indium p-ketoimine complexes will be synthesized and structurally and 
spectroscopically characterized. The properties o f these complexes will then be 
investigated with particular respect to their reactivity regarding substitution of the 
methyl groups with triflate ligands. Substitution o f the methyl/chloro substituents for 
triflate/triflamide ligands should provide us with a library o f indium complexes of the 
type shown in Figure 15, possessing an active site so they can be screened for activity 




Cl Cl Tf2N/  N NTf2
Precursors Active systems




2.2.1 Synthesis of [Me2In{N[C6H5]C(CH3)CHC(CH3)^-0}]2, (1)
The simple P-ketoimine 4-phenylaminopent-3-ene-2-one was synthesized by literature
1 0 9 f \ 90methods. ’ ’ The synthesis involved overnight reflux o f pentane-2-4-dione and 
aniline in toluene in the presence of lmol% para-toluene sulphonic acid (PTSA), 
using a Dean-Stark apparatus to tap off the water-toluene azeotrope.
NH2
lm ol%  PTSA
toluene
reflux
F igu re 16 : R eaction o f  pentane-2,4-dione and aniline
Reaction of this ligand with a stoichiometric amount of InMe3 in toluene followed by 
removal of the solvent in vacuo gave [Me2ln{N[C6H5]C(CH3)CHC(CH3)p-0 }]2, 
compound (1) shown in Figure 17. By tracking the reaction in situ by NMR 
spectroscopy a singlet resonance was observed at 0.16ppm in C6D6 attributed to 
methane production. Crystals suitable for X-ray crystallography were obtained by 
dissolving the compound in minimum hexane and storing the solution at 4°C.
lnMe3
-CH,
> 0  Me
> C  \ T Me
Me" i \
Me
F igu re 17 : Reaction o f  4-phenylam inopent-3-ene-2-one and InM e3 to form (1)
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Figure 18 shows the solid state structure of compound (1). The compound is a dimer 
in the solid state, where it forms a 4 membered In-O-In-O ring. Table 2 shows a list of 
relevant bond lengths and angles. The internal angles in the 1^02 ring (O-In-O# 
73.66°, In-O-In# = 106.34°) are comparable to a similar, reported indium complex (O- 
In-O# = 75.4(2)°, In-O-In# = 104.6(2)°) (see dimethylindium[2-(2-pyridyl)]ethoxide 
in Table l).24 The plane defined by one indium and the carbon atoms of the two metal 
bound methyl groups is approximately perpendicular to the plane of the central In20 2  
ring. The 6-membered In-O-C-C-C-N-In chelate rings are planar and sit in the same 
plane as the In2C>2 4-membered ring. The In-0 bond length o f 2.1637(11)A is shorter 
than the In-O# bond length of 2.611A by around 0.45A. This is in accordance with an 
asymmetric bridging mode in the 1^02 core o f the dimer, with two weak or 0 :-» In  
dative bonds. Table 1 shows the In-0 and In-N bonds for (1) and two reported, 
structurally similar compounds.24,27
C om pound (1) dim ethyl[ji-(2-pyridinecarboxo- 
aldehydeoxim ato)]indium  27
dim ethylindium [2-(2- 
pyridyl)]ethoxide24
Me\  o— ||
M e A / \
_In Iru
fl N \  /  ^Me , N—0
Me\ / ° N 
jp  0  Me
In-0 2.164(1)A N o In -0  bond present in the m onom er unit 2.132(5)A
In-O# 2.61 lA 2.241(16)A 2.240(5)A
In-N 2.306(1)A 2.271(16)A & 2.228(15)A 2.523(5)A
T ab le  1: Com parisons o f  In -0  and In-N bond lengths o f  com plex (1) with 
similar com pounds in the literature
As the data shows, the bond lengths of (1) are within the same range as for previously 
reported compounds in the literature, where there is a balance between the In-0 and 
In-N bond lengths, i.e. compound (1) has a weaker In-O bond, but a stronger In-N
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Figure 18 : M olecular structure o f  the asymmetric unit o f  [M e2In{N [C 6H5]C(CH3)C H C (C H 3)p-0}]2 and the solid state structure show ing all
In contacts in the unit cell (ellipsoids drawn at 30% probability level)
In-C(2) 2 .1400(19) C (2)-In-C (l) 143.30(8) In-O# 2.611 In-O-ln# 106.34
In -C (l) 2 .1438(17) C (2)-In -0 110.16(7) In #-0# 2.164 0 # -In -C ( l) 103.70
In -0 2 .1637(11) C (l) -In -0 103.70(7) 0#-In -C (2) 110.17
In-N 2 .3057(13) C(2)-In-N 98.14(7) O-In-O# 73.66
N -C (9) 1.305(2) C (l)-In -N 99.05(6)
N -C (3) 1.429(2) O-In-N 84.01(5)
0 -C (1 2 ) 1.3079(19) C (12)-0-In 128.70(10)
T able 2 : Selected bond lengths (A ) and angles (°) for (1)
Chapter 2
bond than dimethylindium[2-(2-pyridyl)ethoxide.24 The bridging In-O# bonds in this 
compound, however, are significantly shorter (by 0.35A) than in (1).
*
\ m I_______ LJ__ J,_
7 .0  6 .0  5 .0  4 0  3 .0  2 .0  1.0 0 .0
ppm (f1)
Figure 19 : 'H spectrum o f  compound (1) (* = residual solvent)
Figure 19 shows the NMR spectrum of compound (1) in C6D6. The metal bound 
methyl (InMe2) resonances appear as a singlet at 0.03ppm showing the two metal 
methyl groups are equivalent in solution consistent with the solid state structure. The 
two methyl groups belonging to the ligand are present as singlets at 1.45 and 
1.97ppm, while the sole proton bound to a carbon in the 6-membered In-N-C(CH3)- 
C(H)-C(CH3)-0-In ring appears as a singlet at 4.82ppm. The peaks attributed to the 
aromatic protons appear in the range 6.65-7.04ppm. Comparison of the methyl 
resonance of InMe3 in C6D6 (-0.23ppm) with that of the InMe2 methyls in (1) 
(0.03ppm), shows there is a significant downfield shift of 0.26ppm. This downfield 
shift has been previously reported for other indium bismethyl compounds complexed 
with P-ketoimine analogues.9,18,24 The chemical shift change is related to the electron 
withdrawing nature of the two metal bound atoms o f the bidentate ligand, where the 
more electronegative the donor atoms, the more deshielded the indium methyl groups. 
The *H NMR spectrum of (1) was also run in CD2 CI2 to compare the InMe2 proton
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resonance with the methyl resonance in free InMe3 in CD2CI2. Table 3 shows that the 
chemical shift change on coordination differs greatly between the two solvents which 
is important to be aware of when making literature comparisons.
Chemical Shift (ppm)
c 6d 6 CD2CI2
InMe3 -0.23 -0.81
Compound (1) 0.03 -0.23
Shift difference +0.20 +0.58
T ab le  3 : C hem ical shift change com parisons o f  (1) and InM e3
2.2.2 Synthesis of Me2In{N[C6H5]C(CH3)CHC(C6H5)p -0}, (2)
It was envisaged that dimerisation o f this type of compound might be avoided by
introducing a more bulky substituent a -  to the carbonyl group.11 By avoiding 
dimerisation at the precursor stage, when triflate and triflamide ligands are introduced 
the Lewis acidity at the indium should not be reduced as it would by the larger indium 
coordination number inherent in dimers. Reflux of benzoylacetone and aniline in a 
similar manner to that for 4-phenylaminopent-3-ene-2-one, produced l-phenyl-4- 
phenylaminopent-3-ene-2-one which has been previously reported (Figure 20).20
NH,






Reaction of this ligand with a stoichiometric amount o f InMe3 in toluene gave 
Me2ln{N[C6H5]C(CH3)CHC(C6H5)|i-0}, compound (2) shown in Figure 21. Removal 
of the solvent in vacuo and recrystallisation o f the compound in hexane yielded 





F igu re  21 : R eaction o f  l-phenyl-4-phenylam inopent-3-ene-2-one and InM e3 to form (2)
The solid state structure is shown in Figure 22. Two molecules are present in the 
asymmetric unit and relevant bond lengths and angles are shown in Table 4. As the 
structure shows, introducing the more bulky phenyl group prevents dimerisation 
occurring in the solid state and the result is a 4-coordinate indium complex where no 
close intermolecular contacts to the metal within 3.6A are observed (the closest 
intermolecular indium oxygen distance is 5.432A). In the absence of dimerisation, the 
4-coordinate indium in (2) is bound more strongly to both the oxygen and nitrogen of 












Ol Cll Cl 3
C I O
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F igure 22 : The asymmetric unit o f  M e2ln {N [C 6H5]C(CH 3)CHC(C6H5) |i-0 } and the molecular structure o f  one o f  the crystallographically inequivalent m olecules (ellipsoids
drawn at 30% probability level)
In ( l)-C (l) 2 .142(2) 0 (  1 )-In( 1 )-C (2) 105.35(8) In (2 )-0 (2 ) 2 .1333(14) 0(2)-In (2 )-C (22) 105.93(8)
In( 1 )-C(2) 2 .132(2) 0 (1 ) -In ( l) -C (l) 108.32(9) In(2)-C(22) 2 .141(2) 0 (2 )-In (2 )-C (2 1) 108.21(8)
In ( l)-0 (1 ) 2 .1201(14) C (2 )-In (l)-C (l) 133.12(11) In(2)-C (21) 2 .145(2) C (22)-In(2)-C (21) 134.25(9)
In ( l)-N (l) 2 .2110(15) 0 (1 ) -I n ( l) -N ( l) 85.75(6) N (2)-In(2) 2 .2245(15) 0 (2 )-In (2 )-N (2 ) 85 .25(5)
0 (1 )-C (1 2 ) 1.294(2) C (2 )-In (l)-N (l) 110.61(8) C (22)-In(2)-N (2) 108.57(7)
N (l)-C (9 ) 1.309(2) C (l) -In ( l) -N (l) 103.56(8) C (21)-In(2)-N (2) 103.77(8)
N (l)-C (3 ) 1.435(2) C (1 2 )-0 (1 )-In (l) 126.74(12)
T able 4 : Selected bond lengths (A ) and angles (°) for (2)
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Compound (2) Compound (1)
Me^ Me
In X J
L ^ J  m,
In-0 2.1201(14)A 2.1637(11)A
In-N 2.2110(15)A 2.3057(13)A
T ab le  5 : Com parisons o f  In -0  and In-N bond lengths o f  com p lexes (2 ) and (1)
The plane defined by the indium and the carbon atoms of the two methyl groups is 
approximately perpendicular to the plane of the central 6-membered chelate ring. The 
0(1)-In(l)-N (l) bond angle is 85.75(6)° which is similar to the 84.01(5)° angle seen in
(1). The NMR spectrum of (2) in C6D6 shows a singlet for InMe2 at O.OOppm. This 
is a very similar chemical shift in comparison to the equivalent resonance in (1), 
(0.03ppm).
2.2.3 Synthesis of [Me2In{0C(CH3)CHC(C6H5)p-0}]2, (3)
It was unclear if  dimerisation could be avoided without the presence o f the steric bulk
of the phenylamino group, so the commercially available benzoylacetone was reacted 
directly with InMe3 in toluene. The reaction proceeded cleanly, eliminating methane 
and yielding the dimethylindiumdiketonate species [Me2ln{OC(CH3)CHC(C6H5)p- 
0}]2, (3) (Figure 23). The solvent was removed in vacuo and the product 
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F igu re  23 : R eaction o f  benzoylacetone and InM e3 to form [M e2In {0 C (C H 3)CHC(C6H5)|A-0}]2 (3)
The molecular structure of (3) is shown in Figure 24. The absence o f the phenylamino 
group in (2) does provide enough space for dimerisation to occur in the solid state. 
The In2C>2 core comprises the oxygen furthest away from the phenyl group due to the 
fact that it is the less sterically hindered. Relevant bond lengths and angles o f complex
(3) are shown in Table 7. The In-0 bond lengths o f (3) with those o f [Me2ln(acac)]2 
and [Me2ln(mesal)]2 are shown in Table 6.28
Compound (3) [Me2ln(acac)]228 [Me2ln(mesal)]2 9
Me P v . /O  
Me~ln< /  \ , Me
W
Me / °  •
“ W
0 \  Me
K  \  / Me / j \  A r C
Me J. n 0M e O ^ O
| ^ V ^ O M e
In-0(1)(A) 2.198(7) 2.194(2) 2.165(4)
In-0(2)(A) 2.228(7) 2.253(2) 2.332(5)
In-0(1)#(A) 2.547(7) 2.606(3) 2.376(4)
T ab le  6 : Com parisons o f  In -0  bond lengths o f  com plex (3 ) with 
tw o sim ilar com pounds in the literature
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F igure 24 : Asym m etric unit o f  [M e2In{0 C(CH 3)CHC(C 6H 5)p -0 } ] 2  and its dimeric molecular structure (ellipsoids drawn at 30% probability level)
In -C (l) 2 .134(11) C (2)-In-C (l) 148.8(5) In #-0(1 ) 2 .547(7) In -0 (1 )-In # l 105.9(3)
In-C(2) 2 .130(11) C (2)-In -0(1) 104.0(4) 0 (  1 )-In -0 ( 1 )# 74.1(3)
In-O (l) 2 .198(7) C (l)-In -0 (1 ) 106.4(4) C (l)-In -0 (1 )# 92.3(4)
In -0 (2 ) 2 .228(7 ) C (2)-In -0(2) 95.6(4) C (2)-In -0 ( 1 )# 89.3(3)
0 (1 )-C (4 ) 1.295(11) C (l) - ln -0 (2 ) 95.1(4) 0 (2 ) - I n -0 ( l)# 156.9(3)
0 (2 )-C (6 ) 1.272(13) 0 ( l ) - I n -0 (2 ) 82.8(3) C (4)-0 (1 )-In# 125.1(6)
C(4)-C (5) 1.387(13) C (4)-0(1)-In 128.7(6)
C(5)-C (6) 1.400(14)
T able 7 : Selected bond lengths (A ) and angles (°) for (3)
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The In-0  bond lengths in complex (3) and [Me2ln(acac)]2  are very similar in length as 
expected for these two very similar complexes but the two indium oxygen 
coordination bonds [In-O(l)#] in (3) are slightly shorter than those in [Me2ln(acac)]2. 
It is clear that the position of the phenyl ring in (3) means the ligand is unable to offer 
any steric protection to the metal centre and so the compound is dimeric in the solid 
state. Figure 24 shows that the phenyl ring points well away from the In202 core in the 
molecular structure so sterically it has little effect on the indium. In the ]H NMR 
spectrum the InMe2 resonance o f [Me2ln(acac)]2 appears as a singlet at 0.1 lppm while 
the equivalent resonance in complex (3) appears as a singlet at O.lOppm as expected 
for these similar systems. The equivalent resonance in [Me2ln(mesal)]2 however 
appears significantly downfield at 0.32pppm.
2.2.4 Synthesis of [Me2In{N[(S)-CH(CH3)C5H6]CHC(C6H5)p-0}]2, (4)
An attempt was made to introduce chirality to these indium bismethyl complexes in
the anticipation o f synthesising chiral precatalysts. The readily available chiral amine, 
(^-methylbenzylamine was reacted with the p-diketone, benzoylacetone to give 4-
90((5)-methylbenzyl)aminopent-3-ene-2-one which has been previously reported, 
(Figure 25).
►Ph lm ol%  PTSA Me
toluene 
Me reflux-
F igure 25 : Synthesis o f  the ligand 4 -((5 /j-m ethylbenzyl)am inopent-3-ene-2-one (* = chiral centre)
The ligand was then reacted with a stoichiometric quantity of trimethylindium in 
toluene eliminating methane and yielding complex (4), Me2ln{N[(5J-
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CH(CH3)C5H6]CHC(C6H5)p-0} (Figure 26). Unfortunately, despite repeated attempts 





F igu re  26 : Synthesis o f  com plex (4), M e2In{N [(S)-C H (C H 3)C 5H 6]C H C (C 6H 5)ji-C)} (* = chiral centre)
The stereocentre present on the ligand in complex (4) is demonstrated by its and 
13C{1H} NMR spectra which show two different indium-methyl environments 
whereas in contrast !H and 13C{!H} NMR spectra of complexes (l)-(3) show the two 
indium-methyls to be chemically and magnetically equivalent in solution. The 
NMR chemical shifts of the metal-bound methyl singlets ion (4) are -0.08ppm and - 
0.55ppm, while the 13C{!H} NMR chemical shifts are -4.6 and -6.7ppm.
Me, MeV,,
Me
F igu re  27  : The possible rotation around the C -N  am ino group bond in (4)
The chemical inequivalence o f the two indium methyl groups can be clarified by 
viewing complex (4) and the rotation around the C-N bond o f  the amino group. The 
two methyl groups are prochiral due to the asymmetry o f the amino group. This 
remains the case regardless of how much rotation occurs around the C-N bond.
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2.2.5 Synthesis of [CI2In{N[0-C6H3(iPr)2]C(CH3)CHC(CH3)^-O}]2, (5)
A route to the bischloride analogues of the bismethyl complexes was also investigated
because chloride abstraction might provide a means to introduce triflate or triflamide 
ligands to the metal centre and possibly allow for the isolation of chiral pre-catalysts.
lm o l%  P T S A
to lu en e
reflux
F igu re  28 : Reaction o f  pentane-2,4-dione and 2,6-d iisoproylan iline
Reflux o f pentane-2,4-dione and 2,6-diisoproylaniline in a similar manner to that 
previously, gave 4-(2,6-diisopropylphenyl)aminopent-3-ene-2-one (Figure 28). The 




F igu re 29  : Reaction o f  4-(2,6-diisopropylphenyI)am inopent-3-ene-2-one w ith butyllithium
By reacting the lithium etherate directly with InC^ in refluxing toluene, it was 
possible to synthesise [Cl2In{N[o-C6H3(lPr)2]C(CH3)CHC(CH3)pi-0}]2, (5) although 
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F igu re  30  : Synthesis o f  [C l2In{N [o-C 6H3(iPr)2]C (C H 3)C H C (C H 3) p - 0 } ] 2, (5)
The crystal structure of (5) is shown in Figure 31, while relevant bond lengths and 
angles are shown in Table 9. Complex (5) is a dimer in the solid state. A molecule of 
co-crystallised solvent (toluene) is not shown. Table 8 shows the In-0  and In-N bond 
lengths and the bond angles in the In2 0 2  core of both (5) and (1).
Compound (5) Compound (1)
r e
^  JUk
In-0 ( 1)(A) 2.1440(18) 2.1637(11)
In-N(A) 2.208(2) 2.3057(13)
In-0 (2 )(A) 2.2555(18) 2:611
In(l)-O (l)-In(2 )(0) 109.35(8) 106.34
0(l)-In (l)-0 (2)(°) 70.91(7) 73.66
T a b le  8 : Com parisons o f  In -0  and In-N bond lengths and ln 20 2 
core angles o f  com plex (5) with com p lex  ( I )
The In-O, In-N and In-O# bond lengths are all shorter in (5) than in (1). It is 
reasonable to conclude that this is caused by the electronegative chlorines in (5). The 
internal angles in the 1 ^ 0 2  ring (O-In-O# 70.91°, In-O-In# = 108.34(8)°) are 
comparable to (1) (O-In-O# = 73.66(1)°, In-O-In# = 106.34°).8 The plane defined by
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Figure 31 : M olecular structure o f  the asymmetric unit o f  [Cl2In{N [o-C 6H3('Pr)2]C(CH3)CHC(CH 3)j!-0 } ] 2  (ellipsoids drawn at 30% probability level)
In ( l)-0 (1 ) 2 .1440(18) 0 (1 )-In (l)-C l(2 ) 138.77(6) In (2 )-0 (1 ) 2.2449(18) In(2)-0(2)-In ( 1) 108.34(8)
In ( l)-N (l) 2 .208(2) 0 (  1 )-In( 1 )-C l( 1) 99.22(6) In( l ) -0 (2 ) 2 .2555(18) In (l)-0 (1 )-In (2 ) 109.35(8)
I n ( l)-0 (2 ) 2 .2555(18) 0 (1 ) -I n ( l) -N ( l) 85.35(8) In (2 )-0 (2 ) 2 .1613(18) 0 (2 ) -I n (2 ) -0 ( l ) 70.91(7)
In (l)-C l(2) 2 .3524(7) N (l)-In (l)-C l(2 ) 96.18(6) In(2)-Cl(3) 2 .3544(8) 0 (1 )-In (2 )-C l(4 ) 101.11(6)
In (l)-C l(l) 2 .3568(7) N (l) - I n ( l) -C l( l) 104.25(6) In(2)-Cl(4) 2 .3519(8) 0 (1 )-In (2 )-C l(3 ) 89.23(5)
0 (1 )-C (1 ) 1.349(3) C (3 )-N (l)-In (l) 121.53(19)
N (l)-C (3 ) 1.313(3) C ( l) -0 (1 )- In ( l) 119.70(16)
T able 9 : Selected bond lengths (A ) and angles (°) for (5)
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the indium and the two chlorine atoms of the monomeric unit is approximately 
perpendicular to the plane of 1^02 core and the central 6-membered chelate ring. Of 
particular interest are the In-O# bonds [2.2555(18)A] which are significantly shorter 
than those in (1) [2.61 lA]. In fact, the indium-oxygen dimer bonds are even shorter 
than the corresponding bonds in Me2 ln(mesal) [2.376(4)A] which has been shown to 
exist as a dimer in solution.9 Because of the chlorides’ enhanced electron withdrawing 
nature over methyl groups, they draw more electron density away from the metal 
centres encouraging dimer formation. Thus the metal centre in (5) pulls more electron 
density away from the oxygen and nitrogen atoms than the corresponding centre in
(1). The result is stronger indium-nitrogen and indium-oxygen bonds in (5), which is 
observed by the shorter bond lengths.
*
A 1  . u _ J I
8.0 
Ppm (f1)
7 .0 6.0 5.0 4 .0
~1 r  
3 .0 2.0 1.0 0.0
Figure 32 : 'H NM R  spectrum o f  [Cl2In{N [o-C 6H3(iPr)2]C(CH3)CHC(CH3)p-0}]2*C6H5CH3) (5)
(* = residual solvent)
Figure 32 shows the NMR spectrum of compound (5) in CD2 CI2 . A molecule of 
co-crystallised toluene in the solid state structure is also present. Assuming a dimer is 
retained in solution the molecule has a C2 axis perpendicular to the centre of the I^Cb 
core. Thus the atoms in each monomer unit are equivalent by rotation and only one set 
of resonances are observed. The C-H of each of the four isopropyl group are
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equivalent and one resononance is observed at 2.91ppm. Two resonances are observed 
for the two prochiral CH3 substitutents o f each isopropyl groups which are 
inequivalent and appear at 1.14 and 1.26ppm. Only two doublet resonances are 
observed for these substituents due to rotation about the C-N amino bond. The 
aromatic peaks attributed to the complex and the molecule o f toluene are overlapped 
in the range 7.14-7.35 ppm, and the toluene methyl resonance can be seen at 2.35ppm. 
The proton bound to the carbon in the 6 -membered chelate ring appears at 5.41 ppm.
2.2.6 Reactivity Studies of Complexes (l)-(5)
Reactivity studies with regard to indium-methyl and -chloride substitution of (l)-(5) 
using various reagents including triflic acid and silver triflate to introduce triflate 
ligands resulted in complex decomposition, which was observed by NMR 
spectroscopy. An example of this is shown in Figure 33. The spectrum of (1) (top) and 
the spectrum of the reaction mixture after addition o f two equivalents of triflic acid, 
HOTf (where OTf = SO3CF3) to (1) are compared. Direct observation of the reaction 
showed formation o f metallic indium, while the remaining solution provided 
intractable, unidentifiable decomposition products. Similar reactions with complexes
(2)-(5) gave the same results. Halide abstraction of (5) using silver triflate, Ag(OTf) 
also resulted in intractable/unidentifiable products. Although the products could not 




_ _ _ _ _ _ _ _ _ _ _ _ _ _  L I
i-------1-------1-------1-------1-------1------ 1-------1------ ]------ 1------ 1-------1-------r------ r"
100 5.0 0.0
ppm (11)
(1) + 2eq H O T f
10.0 5.0 0.0
ppm (f1)
F igure 33 : 'H NM R spectrum o f  (1) and (1) + 2 equivalents o f  H O T f 
2.2.7 Reactivity of Indium -dipp2nacnac Complexes
A l t h o u g h  w o r k  w i t h  t h e  p - d i k e t i m i n a t e ,  d i p p 2 n a c n a c ‘ d i d  n o t  g i v e  t h e  d e s i r e d  
s u b s t i t u t i o n  r e a c t i o n s ,  i t  g a v e  a n  i n s i g h t  i n t o  c o m p l e x  d e c o m p o s i t i o n  w h i c h  m a y  
e x p l a i n  w h y  s u b s t i t u t i o n  r e a c t i o n s  w i t h  i n d i u m  P - k e t o i m i n e  c o m p l e x e s  a l s o  g a v e  
u n w a n t e d  s i d e  r e a c t i o n s  a n d  u n k n o w n  d e c o m p o s i t i o n  p r o d u c t s .
M e 2 l n d i p p 2 n a c n a c  w h i c h  h a s  a l r e a d y  b e e n  r e p o r t e d  b y  S t e n d e r  et a l u  w a s  
s y n t h e s i s e d  v i a  a  n e w  r o u t e .  B y  f o l l o w i n g  t h e i r  p r e p a r a t i o n  f o r  t h e  g a l l i u m  a n a l o g u e ,  
G a M e 2 d i p p 2 n a c n a c ,  b u t  u s i n g  I n M e 3 i n  p l a c e  o f  G a M e 3 ,  M e 2 l n d i p p 2 n a c n a c  w a s  




F igu re 34 : Reaction o f  dipp2nacnacH with InM e3
Our interest in this compound was based on preliminary reactivity studies and indium 
methyl substitution reactions. Attempts were made to substitute the metal methyl 
groups for triflate ligands. However the efforts to synthesise the indium mono- and 
bistriflate complexes by reaction with trimethylsilyltriflate, TMS(OTf) (where TMS = 
MesSi), and H(OTf) did not give the desired results. Combination of 
Me2lndipp2nacnac with one and two equivalents o f TMS(OTf) showed no reaction, 
while addition of H(OTf) caused decomposition of the complex. The main 
decomposition product in this case could be isolated and was analysed by X-ray 
crystallography. The solid-state structure is shown in Figures 35 & 36. Table 10 
shows relevant bond lengths and bond angles. This clearly shows it to be protonated 
starting ligand and it is likely to have been produced via reprotonation o f the ligand 
back to starting material followed by protonation o f the other nitrogen to give a 











Figure 35 : M olecular structure o f  the asymmetric unit o f  dipp2nacnacH2+ O T f * with and without hydrogens shown (ellipsoids drawn at 30% probability level)
N (l)-C (1 3 ) 1.3342(15) N (2)-C (16)-C (15) 120.69(11)
N (2)-C (16) 1.3363(15) N (2)-C (16)-C (17) 113.29(11)
N (2)-C (18) 1.4414(16) C (16)-N (2)-C (18) 126.93(11)
C (15)-C (16) 1.3927(17) N (l)-C (13 )-C (15 ) 120.46(11)
C (13)-C (15) 1.3967(16) N (l)-C (13)-C (14) 113.60(11)
C (16)-C (17) 1.5041(17) C (16)-C (15)-C (13) 127.49(11)
C (13)-C (14) 1.5032(17)
T able 10 : Selected bond lengths (A ) and angles (°) for (6)
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Observing the decomposition in situ in CD2CI2, ]H NMR spectroscopy showed the 
appearance o f a singlet resonance at 12.15ppm for the acidic proton of dippnacnacH 
followed by the appearance of another singlet at 9.06ppm which can be attributed to 
the formation o f the bis-imine salt where the imine protons bound to each nitrogen are 
equivalent (Figure 36). The indium species formed in the complex decomposition 






F igu re  36: Reaction o f  M e2InDipp2nacnac with triflic acid to form (6)
A similar decomposition reaction was observed on the reaction of an equivalent 
amount of 2M ether solution of hydrogen chloride, HC1, with Me2lndipp2nacnac 
(Figure 37). It is easily identified by JH NMR from the appearance of the two proton 






F igu re  37  : Reaction o f  M e2Indipp2nacnac w ith hydrogen chloride
The decomposition observed in these cases give an insight into the type of reactions 
that may have occurred when the similar substitution reactions with compounds (1)-
(4) were attempted.
2.3 Discussion
2.3.1 Solution state studies
Cryoscopic molecular weight studies o f the previously reported compound 
[Me2ln(mesal)]2  have shown it to be a dimer in solution, while [Me2ln(acac)]2, a 
similar compound which has much weaker dimer contacts in the solid state has been 
proved to undergo a monomer-dimer equilibrium in solution .33 NMR spectroscopy 
studies o f [Me2ln(acac)]2, showed sharp single resonances whose chemical shifts were 
independent o f concentration in the range studied .33 These peaks are likely to be time 
averaged and suggest that the equilibrium occurs fast on the NMR time scale. It was 
only via molecular weight cryoscopic studies when the degree o f association 
decreased on dilution of the compound that the monomer-dimer equilibrium was 
observed. It is clear that although structurally similar in the solid state, the metal 
bound methyl resonances show quite different chemical shifts for the two compounds 
(Table 11). This may also give a measure o f the solution behaviour of these
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compounds. Comparison of the chemical shift o f the InMe2 resonances in their JH 
spectrum with those o f compound (3) suggests that (3) may also undergo a monomer- 
dimer equilibrium in solution.
]H NMR chemical 




[Me2ln(acac)]2 0 .1 1 2.606(3)
(3) 0 .1 0 2.547(7)
T ab le  11 : Comparison o f  In-O# bond lengths w ith  the 
InM e2 chem ical shifts for [M e2In(m esal)]2, [M e2In(acac)]2 and (3)
There appears to be a correlation between a reduction in the In-O# bond length and a 
downfield chemical shift. The shorter the dimeric In-O# contact in the solid state, the 
more likely the compound is to be a dimer in solution. Correspondingly, the shorter 
the In-O# contact in the solid state, the more deshielded the metal bound methyl 
groups and the further downfield their resonance appears in their NMR spectra in 
solution.
Comparison of the !H NMR metal bound methyl resonances of (1), (2) and (4) in 
CD2CI2 shows there is no obvious correlation between them (Table 12). Complex (2) 
has been shown to be a 4-coordinate monomer in the solid state, therefore, it is likely 
to also be monomeric in solution. Complex (1) is a dimer in the solid state but its 
behaviour in solution is unknown while no solid state data could be obtained for (4). 
The stereocentre in the amino group in (4) causes the inequivalency o f the two metal 
bound methyl groups resulting in two singlet resonances where for (1 ) and (2 ) only 
one resonance is observed. A lack of NMR spectroscopic solution state studies of
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analogous compounds in the literature means that without molecular cryoscopy 
measurements, the solution behaviour of (1), (2), and (4) remains ambiguous.
Bridging In-O# 
Distance (A)
‘H NMR InMe2 
chemical shift (ppm) 
(CD2C12)
(1) 2.611 -0.23
(2 ) no bridging bond -0.14
(4) unknown -0.08 & -0.55
T ab le  12 : Com parison o f  In-O# bond lengths and JH N M R  InM e2 chem ical shifts o f  (1) (2) and (4)
The solid state structure of (5) suggests that the complex is a dimer in solution. 
Comparison o f the In-O# bond length in (5) with that o f [Me2ln(mesal)]2 shows the 
In-O# bond length in (5) is even shorter than that in [Me2ln(mesal)]2 which has been 





T ab le  13 : Com parison o f  In-O# bond lengths o f  (5 ) [M e2In(m esal)]2
Unfortunately, cryoscopy equipment was not available for the solution behaviour of 
our compounds (l)-(5) to be proved unequivocally. Further studies with these systems
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seems unwarranted particularly as they decompose when substitution reactions with 
triflate compounds are attempted.
Satisfactory microanalyses on complexes (l)-(4) could not be obtained despite 
repeated attempts. Every analysis was low in the percentage of carbon and hydrogen 
by two methyl groups expected to be those methyls bound directly to the metal. This 
is supported by the fact that complex (5), which does not possess metal methyl groups 
but instead has two chlorides bound to each indium gives an accurate microanalysis 
suitable for publication. Satisfactory mass spectrometry analyses o f these compounds 
could not be obtained despite repeated attempts. However these complexes are all 
pure by NMR (>99%).
2.4 Summary
A range of bidentate p-ketoimine ligands have been reacted with trimethylindium and 
undergo proton abstraction and methane elimination to form a group of interesting 
new bismethyl indium complexes which have been structurally characterised by 
single crystal X-ray diffraction and NMR spectroscopy. A bischlorideindium P- 
ketoiminate and a bismethylindium p-diketonate have also been structurally and 
spectroscopically characterised. Attempts to substitute the methyl and chloride ligands 
for triflates resulted in side reactions and decomposition products which could not be 
identified. Reactions o f a bismethyl indium p-diketiminate complex, 
Me2lndipp2nacnac, showed that one of the decomposition routes o f the compound 
involved the breaking o f the indium nitrogen bonds and reprotonation of the anionic 
ligand to the neutral dippnacnacH followed by further protonation of the ligand to 
make it a bis-imine cation which was stabilised by a triflate anion. This
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decomposition product was isolated and structurally characterised. This provides 
some idea of how decomposition of the p-ketoimine systems may occur. Clearly 
another robust ligand set which binds more strongly to indium set is needed. N- 
Heterocyclic carbenes form stronger L—>M bonds and therefore should be more 
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Chapter 3 - Indium(III) N-Heterocyclic Carbene Complexes
3.1 Introduction
The capping ligand systems studied so far have been proven to form binding 
interactions with the indium metal centre that are too weak when methyl and chloride 
substitution is attempted, resulting in complex decomposition. Therefore our attention 
turned toward W-heterocyclic carbenes, which are readily accessible, form strong C-M 
bonds - stabilising the metal through cr-donation and have precedence for coordination 
to indium. Encouragingly for this study, the hydride ligands in indium trihydride 
carbene adducts can be substituted without breaking the indium-carbon bond of the 
metal carbene. 1 It was hoped that this would also prove the case when methyl groups 
in our target systems are substituted for triflates or other weakly binding anions. This 
chapter covers an introduction to N-heterocyclic carbenes and their coordination 
chemistry with indium. This will be followed by the report o f successful structural 
and spectroscopic characterisation of indium-carbenes, including complexes 
containing the indium triflate and triflamide moieties. Their activity as Lewis acid 
catalysts will be reported in Chapter 4.
3.1.1 TV-Heterocyclic Carbenes
The chemistry o f stable carbenes is one of the fastest growing areas in both 
coordination and catalytic chemistry, with numerous reviews and articles available on 
this subject.2,3,4 Therefore this section will only present a brief overview o f the 
properties and synthesis of carbene ligands, along with a few examples of their main 
applications in coordination chemistry.
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Carbenes are neutral molecules containing a divalent carbon atom. The carbon only 
has four valence electrons (of which two are non-bonding), making them electron 
deficient and highly reactive. Their electronic configuration gives rise to two different 
arrangements: paired or unpaired non-bonding electrons. Singlet carbenes have paired 
non-bonding electrons, whereas the non-bonding electrons of triplet carbenes occupy 
different orbitals and possess parallel spins.
Because the carbene carbon atom ( C carb en e ) is divalent, carbenes might be expected to 
possess a linear geometry with an sp-hybridisation and two degenerate non-bonding 
p x and py orbitals around the carbene centre. Such a carbene would have to distribute 
two of its four electrons in two a-orbitals while the two remaining electrons would 
each inhabit different degenerate p-orbitals of higher energy because of electron 
repulsion. Very few carbenes are in fact linear suggesting the geometry about the 
carbon atom is in the sp2 hybridized state. If the carbene is sp2 hybridized, either each 
of the three electron pairs occupy sp orbitals as in the singlet state, or one of the 
electron pairs is split between an sp2 and a pH-orbital as in the triplet state (Figure 1).
R
singlet carbene triplet carbene
s p W
Figure 1 : The electron occupancy in the sp2 and p*- orbitals
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Carbenes can exist in either of these states but often it is the triplet state that is 
preferable because o f the extra energy (often only about 40kJmol'1) that is required to
• ^  c
pair the two electrons together in the sp orbital in the singlet state. Wanzlick et al. 
showed that the singlet state is the preferred carbene configuration if the substituents 
in the vicinal positions, (X in Figure 2) have cr-acceptor 7i-donor character. ’ This 
type of carbene, having electron-donating substituents is less electrophilic than other 






F igu re  2 : V icinal a-acceptor 7i-donors stabilize the singlet state
3.1.2 Stable Singlet Carbenes
Stable N-heterocyclic carbenes (NHCs) were first reported in 1961, although only the 
dimers could be isolated (Figure 3) .7 It was recognised that carbenes with electron 
rich amino substituents at the 2 and 5-positions were capable o f stabilising the carbene 



















The real breakthrough in the field of NHC chemistry occurred when the bulky 
adamantylamine was used to make l,3-bis(l-adamantyl)imidazol-2-ylidene (IAd) 
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F igu re  4 : Synthesis o f  l,3-b is(l-ad am antyl)im id azol-2-y lidene
This work caused a rapid revival in research into alternative nucleophilic carbenes and 
the last decade has seen numerous reports of variations in the basic imidazol-2 - 
ylidene skeleton.
Cyclic diaminocarbenes were originally considered to be the only stable type of 
carbene because of the stability provided by the nitrogen when it was bound to groups 
with good 7i-donor/a-acceptor character. Combined with steric bulk and some 
aromatic character, these groups also prevented dimerization. 11,12 New generations of 
NHC ligands range from having basic functionalised aryl groups on the nitrogen 
(Figure 5), to more sophisticated NHCs with N groups designed for specific purposes 
(where Mes = C6H2Me3-2 ,4 ,6 ) (Figure 6 ).
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I M e s 13 R ,, R3 = M e, R2,R 4 =  H
IPr 14 R, =  C H M e2, R 2, R 3, R< = H
IM esCl2 15 R ,, R 3 = M e, R 2 = H, R, =  Cl
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F igu re 6 : Exam ples o f  N H C s that have been designed and synthesised
Non-aromatic versions o f the imidazol-2-ylidenes, shown in Figure 7, have also been 
isolated,22,23 along with six-membered tetrahydropyrimid-2 -ylidenes,24,25 and acyclic 
systems. ’ They still possess two nitrogens vicinal to the carbene, but lack the 671- 
electron 5-membered ring configuration.
,N .  .N „
F igure 7 : Saturated im idazolid-2-ylidenes, tetrahydropyrim id-2-ylidenes and acyclic  carbenes
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Stable carbenes have also been reported incorporating 7i-donor substituents including 
alkoxy and arylsulfido groups.
Bu1
Bu1
F ig u re  8 : Synthesised carbenes with alkoxy and arylsulfido groups
The first examples o f metal NHC complexes were reported in 1968.29’30 Nowadays 
these ligands’ application to coordination chemistry covers a large area of the periodic 
table from the alkali metals,24 alkaline earth metals,31,32 to the transition metals.4 Even 
their coordination to rare earth metals has been reported .33,34
3.1.3 Synthesis of iV-Heterocyclic Carbenes
The synthesis o f free N-heterocyclic carbenes generally starts from -disubstituted 
azolium salts (imidazolium salts), which are commonly deprotonated with potassium 












F igu re  9 : D eprotonation o f  im idazolium  salts (w here X  = Cl, Br and R, R ’ = alkyl)
Imidazolium salts are good precursors to the free carbene and are accessible by two 
main routes (i) and (ii). These methods have been reviewed thoroughly and will only 
be briefly discussed here .4
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(i) Nucleophilic substitution at the imidazole heterocycle (Figure 10)
© © 
K X
ff? A  RX .  r\ R'x  ,  fr?\Ny n n^ n- r r—n^ n- r
F igu re 10 : N ucleophilic substitution synthesis (w here X  =  Cl, Br and R =  alkyl)
Imidazolium salts that can be prepared by this procedure, which involves alklation of
I f  i o
imidazole, are easy to obtain and often used for metal complex synthesis.
(ii) A multi-component reaction building up the heterocycle with the desired 











F igu re  11 : M ulti-com ponent synthesis o f  im idazolium  chloride (R  = alkyl)
Other substituents may be introduced at the 1- and 3-positions of the imidazolium ring 
by use o f different, primary amines (RNH2).19,42,43 Variation o f the amine allows the 
preparation o f a diverse library o f imidazolium salts which can be further broadened 
by use o f different acids to change the salt anion.44 This method was extended to the 
use of chiral amines in the preparation of C2-symmetric imidazolium salts.45 A two- 
step version o f this synthesis has been shown to proceed via the bisimine followed by 
subsequent ring closure with formaldehyde and an acid 46,39
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F igure 12 : Two-step im idazolium  salt synthesis
3.1.4 What is the nature of the Ccarbene-metal bond?
Stabilized carbenes, such as diaminocarbenes, are highly cr-donating and low n- 
accepting species, showing coordination properties similar to those of basic
7 1 fiphosphorus-based ligands. ’ This is because the amino substituents in the vicinal 
positions (see Figure 2), have cr-acceptor 7t-donor character and thus fill the available 
7r-orbital of the C carbene- The poor 7t-acceptor nature o f NHCs is comparable to that 
observed in the phosphorus based ligand tricyclohexylphosphine PCy3.
3.1.5 Coordination of N-heterocyclic Carbenes to Indium
Coordination o f group 13 metals to N-heterocyclic carbenes had not been significantly
studied when the first instance of indium -  carbene coordination was reported.47 Prior 
to that, only five complexes of ratio 1:1 carbene: group 13 had been documented: two 
l,3-diethylimidazol-2-ylidene - borane complexes,48 an aluminium trihydride -  (iMes) 
complex,49 and finally the coordination of trimethylgallium and trimethylaluminium 
to l,3-diisopropyl-4,5-dimethylimidazol-2-ylidene producing the products shown in 






Figure 13 : Reaction o f  metal trimethyls with 1,3,-diisopropyl-4,5-dim ethylim idazol-
2-ylidene (M = Ga or Al)
Addition of one or two equivalents of the stable carbene l,3-diisopropyl-4,5- 
dimethylimidazol-2-ylidene (CN(Pr‘)C2Me2NPr ' ) 51 to either THF solutions of indium 















F igure 14 : Synthesis o f  InBr3[CN(Prl)C 2M e2NPrl] 47
The structure of the mono-carbene adduct (Figure 14) is monomeric in the solid state 
with a mildly distorted tetrahedral geometry, and slightly shorter In-Br bonds than 
those in the 2:1 adducts. The InCh bis-adduct is shown in Figure 15. The indium 
trichloride and tribromide bis-adducts are isostructural and also both monomeric. The 
coordination environment about the metal centres in each complex has been 
calculated to be distorted trigonal bipyramidal with two of the halides occupying the
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F igure 15 : Synthesis o f  InCl3[CN(Pr,)C 2M e2NPr,]2 47
It was also found that treatment of InX3 (X = Br, Cl) with one equivalent of
[HCN(Pri)C2Me2NPri]+[InX4 {CN(Pri)C2Me2NPri}]' (Figure 16).47 The 'H and
heterocyclic resonances (for the imidazolium cation, [HCN(Pr')C2Me2NPrl]+), and it is 
postulated that a fluxional process is occurring which involves complexation and 
decomplexation of the carbene ligand with a concomitant proton exchange with the 
imidazolium cation. This process occurs faster than the NMR spectroscopy timescale 
even at -70°C.
C(11)
[CN(Pr')C2Me2NPrl] and half an equivalent of water afforded the ionic compounds
^ C j1!-!} NMR spectroscopic data for this compound shows only one set of
C<4)
Figure 16 : Synthesis o f [HCNCPrOQMezNPfl^InCMCNCPOQMezNPr'}]' 47
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A similar type o f ionic complex was synthesised this time using the more bulky ('Pr) 
carbene resulting in the compound [('Pr)H]+[InBr4 ] \ 52 In this case however, the 
indium centre in the anion stabilised by the cation of [('Pr)H]+ is not bound to a 
molecule of carbene. The tetrahedral [InBr4]' anion is reported has having a non­
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F igu re 17 : Synthesis o f  ['PrH]+[InBr4] ' 52
Having stabilised indium trihalides by carbene complexation, it was postulated that 
although no adducts of I11H3 had been previously synthesised (due to the weakness of 
the In-H bond and the decomposition it undergoes), the stabilisation that the carbene 
provided for the indium trihalides would make them excellent precursors to carbene- 
InH3 complexes. This proved to be the case with the indium trihydride analogue, 
H3ln(CN(Pr')C2Me2NPrl), which was successfully isolated and decomposes at -20°C 




Et20 ,  -30°C
In
Figure 18 : Synthesis o f  the H3In[CN(Pr,)C 2M e2NPr1]2ii 54
Despite the ease of formation of bis-carbene complexes of indium trihalides, no 
evidence of bis-carbene complexes of indium trihydrides has been observed. It has 
been suggested that this is due to the lower Lewis acidity o f InLL with respect to I11X3 
(X = Cl, Br) . 54 This is demonstrated in the reaction of the bidentate NHC 1,2- 
ethylene-3,3’-di-/er/-butyl-diimidazol-2,2’-diylidene, (EtIBu1), with excesses of 
H3 ln(NMe3) or indium tribromide as well as with stoichiometric amounts of each 
compound. Only the 1:2 four-coordinate indium trihydride and the 1:1 five-coordinate 
indium trihalide complexes are produced in each case (Figure 29).55
Figure 19 : Solid state structure o f  (H3In)2(EtIBu') and Br3In(EtIBu‘)55
The use of more bulky carbenes has been shown to produce even more stable adducts 
of indium trihydride. Using (iMes), a 1:1 carbene-IrdrL adduct, H3 ln(iMes) was 
synthesised that does not decompose until 115°C (Figure 20). This complex shows 
that substitution of the isopropyl groups for the more bulky mesityl groups greatly
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enhances the stability of the system by better stabilising the metal centre. 1 This 






F igure 20 : Crystal structure o f  H 3In (iM es)1
Similarly to its predecessor, the X-ray crystal structure of this indium complex did not 
reveal the hydride positions. The molecule is also monomeric and does not display 
any intermolecular interactions in the solid state. The chloride analogue, Cl3ln(iMes) 
(Figure 21), was synthesised by stirring H3ln(iMes) in dichloromethane producing the 
trichloride complex by chloride abstraction from the solvent (a common reaction for 











Figure 21 : Crystal structure o f  Cl3In ( iM e s)1
The coordination of both (iPr), and (iMes) to indium tribromide to give Br3ln(iPr) and 
Br3ln(iMes) has also been reported (Figure 22) . 52 In both cases InBr3 was reacted 
directly with the free carbene of each ligand. Br3 ln(iMes) was reported as being 
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F igu re  22 : Structures o f  Br3In(iPr) and Br3In(iM es) 52
Recently the formation o f a titanium carbene complex via a new reaction pathway has 
been reported.57 This synthetic route had not been published when our work on 
indium carbenes commenced. It was found that direct reaction of (iMes)Cl with the 
tertiary amino- titanium reagent Ti(NMe2)4 produced a titanium(IV) complex by 
amine elimination via proton abstraction (Figure 23) -  a similar mechanism to that 
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F igu re  23 : A m ine elim ination to form a titanium carbene c o m p le x 57
The reported yield is below 50% based on the amount of Ti(NMe2)4 used. Two 
equivalents of (iMes)Cl are involved in the reaction because two equivalents o f amine 
are eliminated and two chlorides bind to the titanium centre. However, only one 
carbene ligand binds to the titanium, so presumably one equivalent o f free (iMes)
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remains in the reaction mixture after amine elimination. It may be this reactive species 
that inhibits a higher yield of titanium carbene.
3.1.6 Summary and Scope of Chapter
In summary, the electron rich amino substituents at the 2- and 5- positions of N- 
heterocyclic carbenes, stabilize the C carbene by donation of 7r-electrons to the C carbene 
vacant 2p orbitals. This stabilization means the NHCs can exist in the singlet state and 
as ligands are comparable to PCy3 in terms of their strong a-donor weak 7c-acceptor 
properties. The literature documents that a range of group 13 complexes o f NHCs 
have been synthesized including several indium(III) carbene complexes. Simple 
substitution o f substituents at the indium centre whilst it is stabilized by a carbene has 
also been reported . 1
This chapter will show that direct reaction o f trimethylindium with the acid salts of 
bulky NHCs has provided a new, clean route to a range o f novel indium carbene 
complexes. Simple substitution reactions of the methyl and chloride groups with the 
weakly binding triflate and triflamide ligands has provided a group o f potential 
indium catalysts which have been structurally characterized and contain spectroscopic 




The reactions of trimethyl indium with P-diketones and p-ketoimines has shown that 
these ligands’ possession of a single acidic hydrogen provides a clean reaction 
pathway to indium complexes by methane elimination. It was envisaged that direct 
reaction of InMe3 with a carbene imidazolium salt might also provide a route to 
indium complexes in a similar manner and in fact shortly after this work was started, a 
related reaction via amine elimination (instead of alkane elimination) was shown to 
form a titanium carbene (see Figure 23).57
3.2.1 Synthesis of Me2ClIn(iMes), (7)
Tri methyl indium was reacted with (iMes)Cl in toluene at room temperature (Figure 
24). As soon as the reagents were combined in solution, gas evolution was observed. 
A NMR spectroscopy scale reaction in CD2CI2 showed the gas to be methane due 
to the appearance o f the singlet at 0.20ppm. After 2 hours, the effervescence had 
ceased, leaving a clear yellow solution -  a further indication that a new product had 
formed, as (iMes)Cl is only partially soluble in toluene. The solvent was removed in 
vacuo and the residue recrystallised in toluene to produce crystals of complex 
Me2ClIn(iMes) (7) in good yield (83%) suitable for X-ray crystallography. The solid 
















F igu re 25  : M olecular structure o f  the asym m etric unit o f  M e2C lIn(iM es) (ellipsoids drawn at 30%  probability level) hydrogen atom s are om itted for clarity
In (l)-C (5 ) 2 .1 5 6 (2 ) N (2 )-C (15 ) 1.447(3) C (4 )-In (l) -C (l) 112.95(9) C ( l) - I n ( l) -C l( l) 91 .45 (5 )
In ( l) -C (l) 2 .2 6 7 (2 ) N ( l) - C ( l) 1.352(3) C (4 )-In (l) -C l( l) 103.13(7) C (5 )-In (l) -C (l) 110.77(9)
In (l)-C (4 ) 2 .1 6 6 (2 ) N (l) -C (6 ) 1.453(3) C (5 )-In (l)-C (4 ) 124 .47(10) N (2 )-C (l) -I n ( l) 126.11(15)
In ( l) -C l( l) 2 .4807 (6 ) N (2 )-C (3 ) 1.389(3) C (5 )-In (l) -C l( l) 108.28(7) N ( l) -C ( l) - I n ( l ) 127.06(15)
N (l) -C (2 ) 1 .387(3) C (3)-C (2) 1.341(3) C (l) -N ( l) -C (6 ) 125.13(18) C (l)-N (2 )-C (1 5 ) 124.61(17)
N (2 )-C (l) 1 .353(3) N ( l) -C ( l) -N (2 ) 104.64(17)
Table 1: Selected bond lengths (A) and angles (°) for (7)
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Complex (7 )  is monomeric in the solid state and no close intermolecular contacts to 
indium (within 4.1 A )  are observed. The N(l)-C(l)-N (2) bond angle of (7 )  [104.6(4)°], 
like H3ln(iMes) 1 and C^In^M es) , 1 is typical for “Arduengo-type” carbenes 
coordinated to metal centres and lies between the normal value for free imidazol-2 - 
ylidenes [~102°] and imidazolium cations [-108°].49 The molecule has Cs symmetry 
in the solid state and the indium centre is four coordinate. However, unlike 
Cl3ln(iMes) it does not adopt a pseudo-tetrahedral arrangement (where C-In-Cl angles 
of 108.7(2), 112.09(15) and 111 .45(15 )A  are reported) . 1 Instead, the single chloride 
ligand lies orthogonal to the carbene ligand, [C(l)-In-(C1(1) = 91.45(5)°]. 
Optimisation o f complex ( 7 )  by density functional theory (DFT) calculations gave 
good agreement with the observed structure of ( 7 )  (discussed further in section 3.3.4).
The NMR spectrum of complex (7 )  is shown in Figure 26. This shows that the 
molecule retains the Cs symmetry defined by the C carbene-In-Cl bond shown in the 
solid state. This symmetry accounts for some of the equivalency seen in the molecule. 
The olefin o f the NHC appears furthest downfield as a 2H integral singlet at 7.19ppm, 
while the aromatic protons appear as a 4H integral singlet at 7.05ppm. The two 
methyl groups at the para positions in the phenylamino appear as a singlet at 2.37ppm 
and the four methyl groups in the ortho positions come at 2.12ppm. The two indium 
methyl groups are equivalent by spectroscopy and appear as a singlet at -1.03ppm. 
The singlet is not broadened significantly (peak width at XA height = 1.70Hz) even 
though they are proximate to indium (115In, 95% I = 9/ 2 and 113In, 5% I = 9/2). The data 
shows that either rotation around the aryl rings is occurring and/or there is free 
rotation around the C carbene-In bond. This is because only one singlet resonance is 
observed for the methyl environments attributed to the substituents in the 2 - position
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on the aromatic rings and only one metal bound methyl environment is observed. This 
data does not allow us to discriminate between the two mechanisms.
u
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F igure 26 : ’H NM R spectrum o f  (7) (* = residual solvent)
The NMR spectrum of (7) is shown in Figure 27 and clearly shows 9 carbon
environments. The C carbene resonance for complex (7) is not broadened substantially 
and appears in the range seen for aluminium and gallium carbenes, at 177.5ppm, 
shifted significantly upfield of the Ccarbene resonance in the free (iMes) carbene 
(219.9ppm in C6D6 and 219.7ppm in dg-thf) . 13 The equivalent carbons of the two 
metal bound methyl groups are observed furthest upfield at -8 . 1  ppm, and only this 
resonance appears as a significantly broad peak (peak width at % height = 9.0Hz). The 
fact that a sharp peak appears (peak width at Vz height = 2.5Hz) for the C carbene in (7), 
suggests the different nature of the In -C carbene bonding in complex (7) in comparison 
to previously reported indium carbene complexes in which no C carbene resonance is 
observed.47,52,54,58 The observation of no C carbene peak has been attributed to the 
quadrupolar nature of the indium nuclei ( 115In, 95% I = 9/2 and 113In, 5% I = % ) and 
will be discussed in more detail in sections 3.3.1.
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F igure 27 : l3C {'H } NM R spectrum o f  (7) show ing expansions o f  the 
Ccarbene (left) and CMe-In (right) resonances (* = residual solvent)
An alternative synthesis for complex (7) was developed to avoid the use of the 
expensive and pyrophoric trimethylindium. Instead, the cheaper and more readily 
available indium trichloride was used. Methylation of indium trichloride using 
methyllithium to generate InMe3 in  s i t u  followed by addition of (iMes)Cl gave 
complex (7) in a slightly lower yield (67%) than that observed from the synthesis 
involving InMe3 (83%).
3 M eLi, -78°C (iM es)C l
Me £ Cl 
Me
F igure 28 : Alternative synthesis o f  (7) via InCl3
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3.2.2 Synthesis of Me2ClIn(iPr), (8)
Trimethylindium was reacted with (iPr)Cl in toluene at room temperature following 
the synthesis of (7). As soon as the reagents were combined in solution, gas evolution 
was observed. As expected, a lH NMR spectroscopy scale reaction in CD2CI2 showed 
the gas to be methane due to the appearance of the singlet at 0.20ppm. After 2 hours, 
the effervescence had ceased, leaving a clear yellow/brown solution - an indication 
that a new product had formed as (iPr)Cl is only partially soluble in toluene. The 
reaction that occurs is shown in Figure 29 and Me2ClIn(iPr) (8 ) is produced in good 
yield (8 6 %). Crystals suitable for X-ray crystallography studies were obtained by 
recrystallisation in toluene at 4°C. The solid state structure is shown in Figure 30.
/ I N
Me
F igure 29  : Reaction o f  (iPr)CI and InM e3
Unlike (7), for (8 ) there are two crystallographically independent molecules in the 
asymmetric unit. The bond lengths and angles o f the two molecules are equivalent 
within error so only one will be discussed which is shown in Figure 30. Table 2 shows 
its relevant bond lengths and angles. The N (l)-C (l)-N (2) bond angle of (8 ) 
[103.7(2)°] is the same o f that o f (7) [104.6(2)] within error. Complex (8 ) is 
monomeric in the solid state and no close intermolecular contacts within 3.5A are 
observed. The indium centre is four coordinate, and like (7) does not adopt a pseudo-
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F igu re  30  : M olecular structure o f  M e2ClIn(iPr) show ing one o f  the tw o m olecu les in the asym m etric unit (ellipsoids drawn at 30%  probability level)
hydrogen atom s are om itted for clarity
I n ( l) -C ( l) 2 .1 5 8 (3 ) N (l) -C (6 ) 1 .454(3) C (l)-In (l)-C (2 ) 119.17(13) N (2 )-C (3 )-N (l) 103.7(2)
In (l)-C (2 ) 2 .1 7 4 (3 ) N (2)-C (3) 1.358(3) C (l)-In (l)-C (3 ) 109.91(12) C (3 )-N (l)-C (6 ) 126.5(2)
In (l)-C (3 ) 2 .2 7 3 (3 ) N (2)-C (5) 1 .391(4) C (2)-In (l)-C (3) 112.54(11) C (3)-N (2)-C (18) 126.0(2)
I n ( l) -C l( l) 2 .4 0 4 6 (1 0 ) N (2 )-C (18 ) 1 .446(3) C (l) - I n ( l) -C l( l) 108.36(10) N (2 )-C (3 )-In (l) 126.32(19)
N (l) -C (3 ) 1 .361(3) C (4)-C (5) 1 .346(4) C (2 )-In (l)-C l(l) 107.65(11) N (l) -C (3 )-I n ( l) 129.80(19)
N (l) -C (4 ) 1 .391(4) C (3 )-In (l) -C l(l) 96 .73(7 )
Table 2 : Selected bond lengths (A) and angles (°) for (8)
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tetrahedral arrangement and instead the single chloride ligand lies essentially 
orthogonal to the carbene ligand, [C(l)-In-(C1(1) = 96.73(7)°] although with a less 
compressed angle than observed in (7). Comparison of bond lengths and angles of (8 ) 
with those of (7) is shown in Table 3.
Bond lengths (A) and 
Bond angles(°)
(7) (8)
C ( 2 )  C (3 )  
/ ------ \In(l)-C(l) 2.267(2) 2.273(3)
In( 1 )-CI(l) 2.481(1) 2.405(1) /  \
N ( l )  N N N ( 2 )In(l)-C(4) 2.156(2) 2.158(3)
In(l)-C(5) 2.166(2) 2.174(3) j C ( l )
C(l)-N (l) 1.352(3) 1.358(3)
M l )  In
N(l)-C(2) 1.387(3) 1.391(4)
y> c ,
e ^  C l ( l )  
C ( 4 )  Me { J  
C (5 )
N(l)-C(l)-N(2) 104.6(2) 103.7(2)
C(l)-N(l)-C(2) 1 1 1 .1 (2 ) 111.5(2)
C(l)-In(l)-C l(l) 91.45(5) 96.73(7)
T able 3 : Comparison o f  som e bond lengths and angles o f  (7) and (8)
The data shows that the geometry about the indium and in the 5-membered ring in the 
two compounds is very similar, the exceptions being the indium-chloride bond which 
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Figure 31 : The 'H NM R spectrum o f  (8) (* = residual solvent)
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The spectrum o f complex (8 ) is shown in Figure 31. The aromatic protons appear 
as a 2H integral triplet at 7.54ppm and a 4H integral doublet at 7.37ppm. The olefin 
protons appear as a singlet at 7.28ppm while a virtual septet (doublet of quartets) is 
observed for the four CH protons o f the isopropyl groups at 2.67ppm. The prochiral 
methyl substituents o f the isopropyl groups appear as a two 12H integral doublets, at 
1.33 and 1.17ppm. The two indium methyl groups are equivalent by *H spectroscopy 
and appear at -1.08ppm. The C carbene resonance for (8 ) appears in the expected range at 
179.7ppm in the 13C{!H} NMR spectrum. In the solid state (8 ) contains a C s plane of 
symmetry, as in (7). The plane is perpendicular to the heterocyclic ring and contains 
the CCarbene-indium bond. The symmetry in the solid state can account for some of the 




F igu re  32  : Bond rotation in (8)
Figure 32 shows a diagram o f (8 ) where the methyls of the isopropyl substituents 
which are equivalent in solution are labelled A and B. In  order for two doublets to 
appear for the isopropyl groups, the four methyls labelled A must be equivalent, while 
the four methyls labelled B must also be equivalent but inequivalent to A. This can 
only occur by rotation around the In -C carbene bond. This rotation was still observed 
when the sample was cooled to 203K (-70°C) as two doublets remained at this
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temperature. The lH NMR spectroscopic data also shows that rotation around the N-C
• 52bond of the amino subsituents is restricted as has been observed for Br3ln(iPr). If
rotation were not restricted then A and B would be equivalent by rotation. If this were 
the case then one 24H integral doublet resonance would be observed for the 8 
methyls.
3.2.3 Synthesis of Me2BrIn(iM es), (9)
It was considered interesting what effect replacing the chloride in (7) with a bromide 
might have on the structure of the molecule. Therefore trimethylindium was reacted 
with (iMes)Br (which has been previously reported) , 59 in toluene at room temperature 
in the same manner as for the synthesis of (7). As soon as the reagents were combined 
in solution, gas evolution was observed. As expected, a NMR scale reaction 
showed the gas to be methane by the appearance of a singlet resonance at 0 .2 0 ppm in 
CD2CI2. The reaction was complete after 2 hours to give Me2BrIn(iMes) (9) in good 
yield (75%) (Figure 33). Recrystallisation of the compound in toluene gave crystals 
suitable for X-ray crystallography. The solid state structure is shown in Figure 34.
F igu re 33 : Synthesis o f  M e2BrIn(iM es)
One molecule appears in the asymmetric unit o f the crystal structure. Table 4 contains 
its relevant bond lengths and angles. The N(l)-C(3)-N(2) angle, 104.73(12) is like (7)
r S - N ® .
Me
and (8 ) and lies between the bond angles for free imidazole-2 -ylidenes [~1 0 2°] and 
imidazolium cations [~108°].49 Complex (9) is monomeric and does not display any 
intermolecular interactions in the solid state. The indium centre is 4-coordinate and
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F igu re 3 4  : M olecular structure o f  the asym m etric unit o f  M e2BrIn(iM es) (ellipsoids drawn at 30%  probability level) hydrogen atom s are om itted for clarity
In-C(3) 2 .2 6 7 6 (1 4 ) N (2 )-C (5 ) 1.3825(18) C (3 )-In -C (l) 112.20(6) N (l) -C (3 )-N (2 ) 104 .73(12)
In -C (l) 2 .1 6 0 2 (1 6 ) N (l) -C (4 ) 1.3837(18) C (3)-In-C (2) 110.40(6) C (3 )-N (l)-C (4 ) 110 .89(12)
In-C(2) 2 .1 5 8 8 (1 7 ) N ( l) -C ( l  1) 1.4444(19) C (3)-In-Br 95 .48 (4 ) C (3 )-N (l)-C (l 1) 124 .22(12)
In-Br 2 .6 1 9 8 (2 ) N (2)-C (21) 1.4466(18) In -C (3 )-N (l) 127.59(10) N (l)-C (4 )-C (5 ) 106 .73(13)
N (l) -C (3 ) 1 .3530(18) C (4)-C (5) 1 .350(2) C (l)-In -C (2 ) 124.22(7)
N (2)-C (3) 1 .3516(18) C (l)-In -B r 104.41(6)
Table 4 : Selected bond lengths (A) and angles (°) for (9)
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like (7) the molecule does not adopt a pseudo-tetrahedral arrangement. The bromide 
ligand lies essentially orthogonal to the carbene ligand [Br-In-C(3) = 95.48(4)] but not 
to the same extent as the chloride in (7) [91.45(5)].
4H integral aromatic proton resonance appears at 6.73ppm while the 2H integral 
olefin peak is observed at 5.99ppm. The para-methyl groups of the mesityls appear as 
a 6 H integral resonance at 2.08ppm while the 12 protons o f the ortho-methyl groups is 
observed at 2.04ppm. The metal bound methyl resonance appears as a 6 H integral 
singlet at -0.44ppm. The 13C {1H} NMR spectrum contains 9 resonances from the 
Ccarbene at 177.9ppm to the carbons from the metal bound methyl groups which appear 
as a resonance furthest upfield at -6 .6 ppm.
3.2.4 Synthesis of Me2CIIn(iMesH2), (10)
It was deemed interesting to determine what difference in properties might be 
imparted by introduction o f an NHC with a saturated backbone. The lack of 
delocalisation in the 5-membered ring might affect both C carbene-In bonding and the 
geometry around the metal centre. Thus Me2ClIn(iMesH2) was synthesised by 
reaction o f (iMes)H2 (which has been previously reported) 14 with InMe3 in toluene
1 17 1The H and C{ H} NMR spectrum shows that the solution behaviour o f (9) is very 
similar to that o f (7). The ^  NMR spectrum in C6D6 shows 5 singlet resonances. The
(Figure 35).
S — n S n
InMe
Me
Figure 35 : Synthesis o f Me2ClIn(iMesH2)
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The reaction did not go cleanly and only a small amount of complex (10) was isolated 
(yield = 9%) by recrystallisation. The solid state X-ray structure is shown in Figure 
36. The asymmetric unit contained one molecule, relevant bond lengths and angles of 
which are shown in Table 6 .
The N-C-N angle o f the 5-membered ring in (10) is [109.20(12)°] and lies between the 
value for free (iM esFy [104.7(3)°] and (iM esFyCl [113.1(4)°].23 These larger angles 
compared to (iMes) [101.4(2)°] and (iMes)Cl [108.74°] reflect the strain introduced by 
the longer saturated backbone of the 5-membered ring. Comparison of the solid state 
structure o f (10) with (7) shows that the bond lengths and geometry of the two 
molecules are very similar. The Cl-In-Ccarbene bond angle in (10) is 90.33(4)°, an even 
more compressed angle than the equivalent angle in (7).
Bond lengths (A) and 
Bond angles(°)
(7) (1 0 )
C(2) C(3)
In(l)-CO ) 2.267(2) 2.281(1)
In(l)-C l(l) 2.4807(6) 2.4860(5)
In(l)-C(4) 2.156(2) 2.161(1) r \
N(l) N N N(2) 
] C ( 1 )
In(l) ,L
s  Cl 




C (l)-N (l) 1.352(3) 1.331(18)
N(l)-C(2) 1.387(3) 1.479(2)
C(2)-C(3) 1.341(3) 1.529(2)
C l(l)-In(l)-C (l) 91.45(5) 90.33(4)
N (l)-C(l)-N (2) 104.64(17) 109.20(12)
C(l)-N (l)-C(2) 111.10(19) 112.46(12)
T ab le  5 : Comparison o f  som e bond lengths and angles o f  (7 ) and (10)
It has been reported that (iM esFy is a marginally stronger cr-donor than (iMes) and 
observed that the metal-Ccarbene bond length using (iM esFy was statistically shorter 
than that observed in the (iMes) analogue o f Cp*Ru(Cl)(iM esFy .60 Comparison of
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F igu re 36  : M olecular structure o f  the asym m etric unit o f  M e2C lIn(iM esH 2) (ellipsoids drawn at 30%  probability level) hydrogen atom s are om itted for clarity
In-C(3) 2 .2 8 0 6 (1 4 ) N (2)-C (5) 1 .479(2) C (3)-In -C (l) 113.42(7) N (l)-C (3 )-N (2 ) 109 .20(12)
In -C (l) 2 .1 6 0 5 (1 9 ) N (l) -C (4 ) 1 .483(2) C (3)-In-C (2) 112.02(7) C (3 )-N (l)-C (4 ) 112.46(12)
In-C(2) 2 .1 6 6 4 (1 8 ) N ( l) -C ( l  1) 1 .4412(19) C (3)-In-Cl 90 .33 (4 ) C (3 )-N (l)-C (l 1) 124 .90(13)
In-Cl 2 .4 8 6 0 (5 ) N (2 )-C (21 ) 1 .4416(19) In -C (3 )-N (l) 124.40(10) N (l)-C (4 )-C (5 ) 102 .50(12)
N (l) -C (3 ) 1 .3313(18) C (4)-C (5) 1.529(2) C (l)-In -C (2 ) 123.92(9)
N (2)-C (3) 1.3332(18) C (l)-In -C l 103.41(6)
Table 6 : Selected bond lengths (A) and angles (°) for (10)
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the Ccarbene-In bond in (7) and (10) demonstrates that the binding of the two ligands to 
indium is very similar and in fact after accounting for error, the difference is very 
small.
Unlike that found for (7), the 5-membered NHC ring is not planar in (10) because of 
the introduction of the saturated backbone. The sp hybridisation at carbons C(2) and 
C(3) forces the C(2)-C(3) bond to be tilted out of the plane by 7.4°. The *H NMR 
spectrum proves this does not affect the symmetry o f the molecule in solution and 5 
singlet resonances are observed. Furthest downfield is the 4H integral aromatic 
resonance at 6.74ppm. This is followed by a singlet 4H integral resonance of the 
saturated backbone of the 5-membered NHC ring at 2.98ppm. The /rara-methyl 
substituents of the mesityl rings appear as a 6 H integral singlet at 2.24ppm while the 
12 protons of the ortho-methyl substituents are observed as a singlet at 2.07ppm. 
Furthest upfield is a 6 H integral singlet observed at -0.58ppm for the two metal bound 
methyl groups. In the solid state, a Cs symmetry plane exists which lies orthogonal to 
the heterocyclic ring and contains the Ccarbene-indium bond. This NMR 
spectroscopic data shows the behaviour of (10) to be similar to that of (7).
Because it proved difficult to synthesise (10), no further work was done with the 
system or with the carbene (iMesH2) .14
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3.2.5 Synthesis of Me3ln(iMes), (11)
Trimethylindium was reacted with free (iMes) in toluene at ambient temperature for 2 
hours. Removal o f the solvent in vacuo followed by dissolution of the solid in 
minimum Et2 0  and its storage at -20°C gave clear and colourless crystals.
N
F igu re 37 : Synthesis o f  M e3In(iM es)
The reaction that occurs is shown in Figure 37 while the X-ray structure of the 
complex is shown in Figure 38. The asymmetric unit contains only half of the 
molecule, the other half was generated crystallographically. Table 7 shows relevant 
bond lengths and angles. The N(l)-C(3)-N(2) bond angle o f (11) [103.65(16)°] is 
similar to that observed for (7)-(9). Complex (11) is monomeric in the solid state and 
no close intermolecular contacts to the metal are observed (within 3.6 A). The 
geometry at the 4-coordinate indium centre is pseudo tetrahedral (where the C carbene- 
In -C methyi angles are 106.62(8), 103.29(5) and 103.29(5)°).
The NMR spectrum shows 5 singlet resonances. Furthest downfield is the 2H 
integral olefin resonance at 7.12ppm. This is followed by the 4H integral aromatic 
resonance at 7.05ppm. The para-methyl substituents o f the mesityl rings appear as a 
6 H integral singlet at 2.38ppm while the 12 protons o f the ortho-methyl substituents 
are observed as a singlet at 2.08ppm. Furthest upfield is a 9H integral singlet observed 
at -1.26ppm for the three metal bound methyl groups. In the 13C{!H} NMR spectrum
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Figure 38 : Molecular structure o f Me3In(iMes) (ellipsoids drawn at 30% probability level) hydrogen atoms are omitted for clarity
In-C(3) 2 .3 1 0 0 (1 8 ) N (2)-C (5) 1.391(2) C (3)-In -C (l) 106.62(8) N (l) -C (3 )-N (2 ) 103.65(16)
In -C (l) 2 .1 7 5 (2 ) N (l) -C (4 ) 1.385(3) C (3)-In-C (2) 103.29(5) C (3 )-N (l)-C (4 ) 111.55(17)
In-C(2) 2 .1887 (17 ) N (l) -C (6 ) 1.450(3) In -C (3 )-N (l) 130.13(13) C (3 )-N (l)-C (6 ) 122.90(17)
N (l) -C (3 ) 1 .355(2) N (2 )-C (12 ) 1.442(2) C (l)-In -C (2) 112.78(6) N (l)-C (4 )-C (5 ) 107.08(17)
N (2)-C (3) 1 .363(2) C (4)-C (5) 1 .340(3)
Table 7 : Selected bond lengths (A) and angles (°) for (11)
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the Ccarbene peak appears at 183.0ppm (peak width at Vz height = 1.9Hz) while the 
metal bound methyl resonance appears at - 1 1.8ppm (peak width at Vz height = 9.0Hz). 
The resonance o f the metal bound carbon of the methyl groups is significantly broader 
than the resonance o f the C carbene-
An alternative synthesis for complex (11) was developed avoiding the use of the 
expensive and pyrophoric trimethylindium. Instead, the cheaper and more readily 
available compound indium trichloride was used. Methylation of indium trichloride 
using methyllithium to generate InMe3 in situ followed by addition of (iMes) gave 
complex (11) in a slightly lower yield (59%) than that observed from the synthesis 
involving InMe3 (72%).
3.2.6 Synthesis of M esInC C N C P r^M eiN P r1), (12)
Trimethylindium was reacted with the free carbene (CN(Pr‘)C2Me2NPr') in toluene at 
ambient temperature for 2 hours (Figure 40). Removal o f the solvent in vacuo yielded 
a white oily solid. Crystals suitable for single crystal X-ray diffraction could not be 
obtained.
Me
F ig u re  39  : A lternative synthesis o f  (11 ) v ia  InCI
Me
Figure 40 : Synthesis o f Me3In(CN(Prl)C2Me2NPrl), (12)
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In the ]H NMR spectrum four resonances are observed. Furthest downfield is a 2H
integral virtual septet from the CH of the isopropylamino groups at 5.15ppm while the
6 H integral singlet for the two methyl groups bound to the olefin carbons is observed
at 1.56ppm. A 12H integral doublet is observed at 1.09ppm for the methyl
substituents o f the two isopropyl groups and furthest upfield a 9H integral singlet is
11 1observed at 0.02ppm for the three metal-bound methyl groups. The C{ H} 
spectroscopic data shows 6  resonances for the 6  different carbon environments. The 
Ccarbene resonance is observed at 180.1 ppm and the resonance for the three metal- 
bound methyl groups is observed at -5.6ppm. The four proton resonances and 6  
carbon resonances are consistent with rotation about the C carbene-In bond.
3.2.7 Synthesis of Me2(OTf)In(iMes), (13)
Reaction o f a stoichiometric amount o f TMS(OTf) with Me2(Cl)In-iMes, (7) in 
dichloromethane gave the monotriflate complex Me2(OTf)In(iMes), (13) (Figure 41). 
This was a rapid reaction, and !H NMR spectroscopy showed it to be complete after 2 
minutes. The by-product of the reaction was identified as chlorotrimethylsilane, 
TMS(Cl) by the presence of a singlet resonance at 0.51ppm in CD2CI2 (integrating 
to 9 protons). The solvent and TMS(Cl) were removed in vacuo, and the compound 
was recrystallised using a dichloromethane/hexane layer and stored at -20°C to yield 







Figure 41 : Synthesis o f Me2(OTf)In(iMes) via reaction o f (7) with TMS(OTf)
107
Chapter 3
An alternative route to (13) was also found using compound (11) instead of (7). 
Reaction o f one equivalent o f H(OTf), with Me3ln(iMes) resulted in methane 
elimination (Figure 42). Methane was identified by its resonance at 0.20ppm by 
following the reaction by JH spectroscopy in CD2CI2. The complex was recrystallised 




Me^ = ^M e
Me Me
F igu re  42  : Synthesis o f  (13 ), M e2(O Tf)In(iM es) via reaction o f  (11 ) with H O T f
The solid state structure of (13) is shown in Figure 43. A molecule o f co-crystallised 
solvent (dichloromethane) is not shown. Table 8 shows relevant bond lengths and 
angles for the complex. The N(l)-C(3)-N(2) bond angle of (13) [104.15(18)°] is 
similar to those o f other reported complexes. The extended solid state structure shows 
that the compound is a one-dimensional coordination polymer where the indium metal 
centre is 5-coordinate. The arrangement of ligands around the metal centre gives the 
indium a distorted trigonal-bipyramidal geometry. The oxygens of the triflate ligands 
[ 0 ( 1 )  and 0(2#)] occupy the apical positions [0(l)-In -0(2#) 168.57(6)°] while the 
metal bound methyl groups and the C carbene occupy the equatorial positions. The 
indium methyls are in the plane of the 5-membered NHC ring and have a C(l)-In- 
C(2) angle o f 135.03(10)°. The C carbene-In-0(1) bond angle is compressed from 90° at 
80.07(8)° while the C carbene-In-0(2)# bond angle is also compressed from 90° at 
88.59(7)°.
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F igure 43 : M olecular atructure o f  the asymmetric unit o f  M e2(O Tf)In(iM es) and its extended one-dim ensional coordination polymer 
(ellipsoids drawn at 30% probability level) hydrogen atoms are omitted for clarity
In-C(3) 2 .264(2) N (2)-C (5) 1.384(3) C (3)-In -C (l) 112.87(9) N (l)-C (3 )-N (2 ) 104.15(18)
In -C (l) 2 .143(2) N (l)-C (4 ) 1.385(3) C(3)-In-C(2) 111.69(8) C (3 )-N (l)-C (4 ) 111.36(18)
In-C(2) 2 .141(2 ) N ( 1 )-C (6) 1.453(3) C (3)-In -0(1) 80.07(7) C (3 )-N (l)-C (6 ) 125.99(19)
In-O (l) 2 .5876(18) C (4)-C (5) 1.341(3) In -C (3)-N (l) 128.67(15) N (l)-C (4 )-C (5 ) 106.6(2)
N (l)-C (3 ) 1.351(3) In -0 (2 )# 2.4617(16) C (l)-In-C (2) 135.03(10) 0 (  1 )-In -0 (2 )# 168.57(6)
N (2)-C (3) 1.357(3) C (l) -In -0 (1 ) 92.13(8) C (3)-In -0 (2 )# 88.59(7)
Table 8 : Selected bond lengths (A) and angles (°) for (13)
Chapter 3
The ]H NMR spectrum of (13) shows 5 singlet resonances in CD2CI2. Furthest 
downfield is the olefin singlet at 7.28ppm. A 4H integral singlet is observed for the 
aromatic protons on the mesityl groups at 7.08ppm. The 6 H integral singlet for the 
meta-substituted methyls o f the mesityl groups appears at 2.38ppm while the 12H 
integral singlet for the ortho-substituted methyls appears at 2.09. The most upfield 
resonance is the metal bound methyl groups which are observed as a 6 H integral 
singlet resonance below zero at -0.83ppm. The 13C{1H} NMR spectrum shows 10 
carbon resonances. The C carbene peak is observed at 176.2ppm and the metal bound 
methyl carbons appear at -7.1 ppm. The carbon o f the triflate CF3 groups appears as a 
quartet at 120.1 ppm [J = 319Hz] due to the carbon coupling to the three fluorine 
atoms [19F(100%) I = V2]. The 19F NMR spectrum shows a singlet at -78.7ppm. 5 
proton resonances and 10  carbon resonances are observed for the compound due to 
the time averaged mirror plane o f the molecule in solution. Its solution behaviour 
appears to be similar to that of (7) suggesting the coordination polymer observed in 
the solid state does not persist once the compound is in solution.
3.2.8 Synthesis of M e(OTf)2ln(iMes), (14)
Attempts to synthesise the bistriflate complex Me(OTf)2ln(iMes), (14) were 
successful via two different routes. Firstly the monotriflate complex (13) was reacted 
with a stoichiometric amount of H(OTf) (Figure 44). This resulted in methane 
elimination observed by NMR spectroscopy.
Me
Figure 44 : Synthesis o f Me(OTf)2In(iMes)
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Compound (14) can also be readily synthesised from compounds (7) and (12) (Figure 
45), because both of these reactions involve production of the monotriflate compound
(13) before this goes onto react further to become the bistriflate species (14).
A CFkCk/hexane layer yielded crystals suitable for X-ray crystallography studies and 
the asymmetric unit o f the solid state data is shown in Figure 46. A disordered 
molecule o f co-crystallised solvent (dichloromethane) which is present in the lattice is 
not shown. Table 9 shows relevant bond lengths and angles for the complex. Complex
(14) is dimeric in the solid state and no other close intermolecular contacts are 
observed. The indium is 5-coordinate and the geometry around the metal centre is a 
distorted trigonal-bipyramid. The oxygens of the triflate ligands that directly bind to 
the indium in the asymmetric unit [0(1) and 0(4)] are in the apical positions and the 
0 (l)-In -0 (4 ) angle is 160.34(5)°. The metal methyl group, the C carbene and the oxygen 
of the third triflate from an adjacent molecule [0(3)] occupy the equatorial positions. 
The dimer is formed through two o f the triflate ligands which form a In(l)-0 -S -0- 
In(2)-0-S -0-In(l) 8 -membered ring. Each of the triflates not involved in dimerisation 
has a shorter indium-oxygen bond length [In-0(4) = 2.2506(12)A] than those that
1. leq  TM S(OTf)
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Figure 46 : M olecular structure o f  the asymmetric unit o f  M e(O Tf)2In(iM es) and its dimer in the solid state (ellipsoids drawn at 30% probability level) hydrogen atoms are
omitted for clarity
In-C(2) 2 .1823(16) N (2)-C (4) 1.383(2) C (2)-In-C (l) 138.02(8) N (l)-C (2 )-N (2 ) 105.47(14)
In -C (l) 2 .1153(19) 0 (1 )-S (1 ) 1.4464(12) C (2)-In -0(1) 84.28(5) C (2 )-N (l)-C (3 ) 110.56(14)
In -O (l) 2 .4292(12) 0 (4 )-S (2 ) 1.4710(13) C (2)-In -0(4) 87 .00(5) In -0 (4 )-S (2 ) 133.10(8)
In -0 (4 ) 2 .2506(12) In-C(2)-N( 1) 122.44(11) In -0 (1 )-S ( l) 143.16(8)
N (l)-C (2 ) 1.349(2) 0 (  1 )-In -0 (4 ) 160.34(5)
0 (1 )-In -C (l) 92.35(7)
Table 9 : Selected bond lengths (A) and angles (°) for (14)
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bridge the two indium centres to form the dimer [In-O(l) = 2.4292(12 )A ] .  The 
Ccarbene-In-O (l) bond angle is compressed below 90° at 84.28(5)° while the C carbene-h> 
0(2) angle is less compressed at 88.00(5)°.
The NMR spectrum of (14), like (13), shows 5 singlet resonances in CD2CI2. 
Furthest downfield is the 2H integral olefin singlet at 7.39ppm. A singlet is observed 
for the four aromatic protons on the mesityl groups at 7.10ppm. The singlet for the 
meta-substituted methyl groups appears at 2.39ppm while the 12H integral singlet for 
the ortho-substituted methyls appears at 2.13ppm. The most upfield resonance is the 
metal bound methyl group which is observed as a 3H integral singlet resonance at - 
0.41 ppm. The ^C ^H }  NMR spectrum shows 10 carbon resonances. The C carbene peak 
is observed at 168.7ppm, this is the furthest upfield shift so far observed for the 
C carbene in any o f the compounds. The metal bound methyl carbon appears at -5.0 
[2.1 ppm further downfield than the analogous resonance in the (13)] illustrating the 
increased Lewis acidity of the indium metal centre (see section 3.3.2). The carbon of 
the CF3 groups, as in (13), appears as a quartet at 119.3ppm due to the coupling to the 
three fluorine atoms [J = 318Hz]. The 19F NMR spectrum shows one singlet 
resonance at -77.8ppm. In the solid state the molecule is a dimer with a centre of 
inversion. From the NMR spectra it cannot be ascertained if the complex is 
monomeric or dimeric in solution. Only one 19F NMR environment exists suggesting 
that a fluxional process may be occurring on the NMR timescale because 2 different 
triflate environments occur in the solid state.
It was found from initial synthetic experiments that TMS(OTf) is an effective reagent 
for substitution o f chlorides but not methyl groups, while H(OTf) conversely is
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effective for substitution o f methyls but not chlorides. Preliminary results also showed 
that use o f fresh TMS(OTf) was crucial due to the fact that older TMS(OTf) becomes 
contaminated with moisture resulting in H(OTf) formation. Experiments with 
TMS(OTf) contaminated with trace amounts of water showed that reaction of 1 
equivalent with (7) gave two compounds: (13) (via halide abstraction) and what is 
presumed to have been Me(Cl)(OTf)In(iMes) (via protonolysis) (Figure 47) which 
was observed in the ]H NMR spectrum although it was not isolated. The resonances 
observed for the compound were a 2H integral singlet at 7.37ppm for the olefin 
protons, a 4H integral singlet at 7.10ppm from the aromatic protons, 6 H and 12H 
integral singlets at 2.39ppm and 2.14ppm for the mesityl methyl groups and the 3H 
integral for the metal bound methyl at -0.49ppm.
F igu re  47  : Structure o f  M e(C l)(O T f)In(iM es) form ed in situ 
3.2.9 Synthesis of Me2(NTf2)In(iMes), (15)
Gas phase acidity measurements have shown trifluoromethanesulfonimde, H(NTf2) to 
be a stronger acid than H(OTf) . 61 This means it should coordinate more weakly to the 
indium centre and increase the Lewis acidity of the metal centre, hopefully making an 
indium triflamide complex a better Lewis acid catalyst than its triflate analogue. 
Because triflation o f the trismethyl complex (11) with one or two equivalents of 
H(OTf) resulted in a clean reaction generating the monotriflate complex, (13) and the 
bistriflate complex, (14) respectively, it was postulated that it should be possible to 
introduce triflamide ligands via the same method. Therefore Me3ln(iMes), (11) was
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reacted directly with a stoichiometric amount o f the H(NTf2) in CH2CI2 (Figure 48). 
Gas evolution was observed, and this was shown to be methane (0.20ppm) by 
following the reaction by NMR spectroscopy in CD2CI2. The NMR data showed 
the reaction was complete in under 2 minutes. The solvent was removed in vacuo to 
yield a white solid. Recrystallisation in DCM/hexane at -20°C yielded a crop o f clear 
and colourless crystals of complex (15), Me2(NTf2)In(iMes) suitable for X-ray 









F igure 48 : Synthesis o f  M e2(N T f2)In(iM es)
The asymmetric unit o f (15) is shown in Figure 49. Table 10 shows relevant bond 
lengths and angles. The solid state structure shows that the compound is a kinked one­
dimensional coordination polymer where the indium metal centre is 5-coordinate, 
similarly to (13). The arrangement of ligands around the metal centre gives the indium 
a trigonal-bipyramidal geometry. The oxygens o f the triflamide ligands [0(1) and 
0(4) occupy the apical positions [0(l)-In-0(4) = 174.05(10)°] where the Ccarbene-In- 
0(1) bond angle o f 88.32(9)° and the C carbene-In-0(4) bond angle o f 91.34(11) show 
no significant distortion. The metal bound carbons of the methyl groups and the 
Ccarbene [C(l), C(2) and C(3) respectively] occupy the equatorial positions. The angle 
between the methyl groups [C(l)-In-C(2)] is 136.51(15)° while the Ccarbene-In-CMe 
angle for each o f the methyl groups is -112° [C(3)-In-C(l) = 111.85(13)°, C(3)-In- 
C(2) = 111.62(14)°]. The metal bound methyl groups are not in the plane o f the 5-
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Figure 49 : Molecular structure o f  the asymmetric unit o f Me2(NTf2)In(iMes) and its one dimensional coordination polymer in the solid state
(ellipsoids drawn at 30% probability level) hydrogen atoms are omitted for clarity
In-C(2) 2 .134(3 ) N (2)-C (3) 1.343(4) C (3)-In-C (l) 111.85(13) C (l) -In -0 (1 ) 87.23(13)
ln -C (l) 2 .138(3) N (2)-C (5) 1.386(5) C(3)-In-C(2) 111.62(14) N (l)-C (3 )-N (2 ) 104.5(3)
In-C(3) 2 .269(3) S (l)-N (3 ) 1.569(3) C (3)-In -0(1) 88.32(9) N (l)-C (4 )-C (5 ) 106.3(3)
In -O (l) 2 .593(3 ) S(2)-N (3) 1.575(3) C (3)-In -0 (4 ) 91.34(11) S (l)-N (3 )-S (2 ) 125.1(2)
In -0 (4 ) 2 .522(3 ) C (l)-In -C (2) 136.51(15) 0 (1 )-S (1 )-N (3 ) 107.98(17)
0 (  1 )-In -0 (4 ) 174.05(10) N (3)-S(2)-C (20) 104.22(19)
C (l)-In-C (2) 136.51(15)
Table 10 : Selected bond lengths (A) and angles (°) for (15)
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membered NHC ring which is rotated by 18° away from the C(2)-In-C(l) plane. This 
is probably a result o f packing forces. The indium-oxygen bond lengths are not 
equidistant [In-O(l) = 2.593(3)A, InO(4) = 2.522(3)] again this is probably a result of 
packing arrangement. Interestingly, although the nitrogen o f the triflamide ligand is 
deprotonated, it does not bind to the metal through this nitrogen although formally it 
is now two coordinate. Instead it binds through one o f its S=0 oxygen atoms two 
bonds away from the nitrogen. This type of binding has been observed for other metal 
triflamides.62,63 The N-S bonds lengths [S(l)-N(3) = 1.569(3)A, S(2)-N(3) = 1.575(3)] 
lie between the average values reported for N-S single [1.604A] and N=S double 
bonds [154.4A].64 This suggests a degree of delocalisation of the negative charge 
formally on the nitrogen.
The !H NMR spectrum for (15) shows 5 singlet resonances. Furthest upfield is the 2H 
integral olefin resonance at 7.30ppm, neighbouring this is the 4H integral aromatic 
proton resonance at 7.09ppm. The mesityl methyl substituents appear as a 6 H integral 
singlet at 2.38 and a 12H integral singlet at 2.09ppm. Furthest upfield is the 6 H 
integral singlet resonance attributed to the metal bound methyl groups at -0.72ppm. 
The 13C{!H} NMR spectrum, as expected, shows 10 resonances. The C carbene 
resonance is furthest downfield at 175.5ppm while the carbons o f the methyl groups 
directly bound to the metal centre furthest upfield at -5.7ppm. The 19F NMR spectrum 
shows one singlet resonance at -79.0ppm. This NMR spectroscopic data is similar to 
that of (13). As expected because of the triflamide’s weaker coordinating ability to the 
metal in comparison to the triflate, the 13C { 1H }  resonance for the metal bound methyl 
has been shifted further downfield by 1.4ppm in comparison to (13), suggesting the 
enhanced Lewis acidity at the indium metal centre.
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3.2.10 Synthesis of Me(NTf2)2In(iMes), (16)
Complex (11) was reacted with 2 equivalents of H(NTf2) (Figure 50) causing rapid 
evolution of methane gas observed as a singlet resonance in CD2CI2 at 0 .2 0 ppm in the 
*H NMR spectrum (the reaction was complete in less than two minutes). The solvent 
was removed in vacuo to yield a white solid. Recrystallisation in DCM/hexane at - 
20°C yielded a crop o f clear and colourless crystals o f complex (16), suitable for X- 
ray crystallography studies (Yield 84%).
— / " C r v - O —
•2 0 ^ ,  \ = (  Y  / — *
'  S K  'Me = NTf2 
NTf2
F igure 50 : Synthesis o f  M e(N T f2)2In(iM es)
The asymmetric unit o f the solid state structure is shown in Figure 51, while Table 11 
shows relevant bond lengths and angles. The molecule is monomeric in the solid state 
with no close intermolecular contacts. This is because the second equivalent of 
triflamide binds with the indium at two positions through its oxygens to make it 5- 
coordinate. For this reason no one dimensional coordination polymer or discrete
dimer is observed in the solid state. This type o f triflamide binding to metals at two
(\*)positions through its oxygen atoms has been previously observed. ’ The 5- 
coordinate indium adopts a distorted trigonal bipyramidal arrangement where two of 
the oxygens on separate triflamide ligands [0(1) and 0(5)] occupy the apical 
positions and the C carbenes CMe-in and the remaining bound oxygen from the triflamide 




Figure 51 : Molecular structure o f  the asymmetric unit o f  Me(NTf2)2In(iMes) from two different angles in the solid state
(ellipsoids drawn at 30% probability level) hydrogen atoms are omitted for clarity
In-C(2) 2 .170(2) N (2)-C (2) 1.343(3) C (2)-In-C (l) 138.55(9) 0 ( l ) - I n -0 (3 ) 75.13(6)
In -C (l) 2 .114(2) N (2)-C (4) 1.383(3) C (2)-In -0(1) 90.54(7) N (l)-C (2 )-N (2 ) 105.95(18)
In -O (l) 2 .4152(16) S (l)-N (3 ) 1.568(2) C (2)-In -0(3) 107.08(7) N (l)-C (3 )-C (4 ) 106.15(19)
In -0 (3 ) 2 .2047(15) S(2)-N (3) 1.559(2) C (2)-In -0(5) 89.69(7) S (l)-N (3 )-S (2 ) 124.45(13)
In -0 (5 ) 2 .2957(15) C (l)-In -0 (3 ) 114.13(8) In ( l)-0 (5 )-S (3 ) 125.04(9)
0 ( l ) - I n -0 (5 ) 155.48(6) S(3)-N (4)-S (4) 126.12(15)
Table 11 : Selected bond lengths (A) and angles (°) for (16)
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The *H N M R  spectrum for (1 6 )  shows 5 singlet resonances, furthest upfield is the 2H 
integral olefin resonance at 7.53ppm and adjacent to it is the 4H integral aromatic 
proton resonance at 7.15ppm. The mesityl methyl substituents appear as a 6 H integral 
singlet at 2.40 and a 12H integral singlet at 2.14ppm. Furthest upfield is the 3H 
integral singlet resonance attributed to the metal bound methyl groups at -0.04ppm. 
The 13C{!H} N M R  spectrum as expected shows 10 resonances from the C carbene 
furthest downfield at 166.8ppm to the carbons of the methyl groups directly bound to 
the metal centre furthest upfield at -3.1ppm. The 19F N M R  spectrum shows one
1 -i |
singlet resonance at -78.6ppm. Comparison of the C{ H} chemical shift of metal 
bound methyl resonance of ( 1 6 )  [-3.1ppm] with the corresponding resonances in (1 4 )  
[-5.0ppm] and ( 1 5 )  [-5.7ppm] suggests that the Lewis acidity o f the metal centre is 
highest in ( 1 6 ) ,  as expected.
Attempts to synthesise both the tris-triflate and tris-triflamide compounds were 
unsuccessful. Reactions of both (11) with 3 equivalents o f the required acids resulted 
in only (14) and (16) in each case, while direct reaction o f In(OTf)3 and In(NTf2)3 




A range of indium(III) NHC complexes have been synthesised and structurally and 
spectroscopically chracterised. This section will involve in depth discussion o f their 
solution and solid state structures.
3.3.1 Observation of the C carbene by NMR Spectroscopy
The difficulty in observing the C carbene resonance in the 13C{JH} NMR spectrum for
all previously reported indium carbene complexes has been documented [e.g. 
Cl3ln(iMes) ] . 1 This has been explained by the interaction o f the C carbene with the 
quadrupolar indium nuclei (115In, 95% I = %  and 113In, 5% I = 9A) which broadens the 
resonance to such an extent it is not observed.47,52,54,58 So why is it that the C carbene 
resonance in complexes [(7)-(16)] is clearly observed?
Perhaps this may be explained by first understanding the coupling mechanism through 
which quadrupolar broadening occurs. Spin-spin (T2) relaxation is a through bond 
phenomenon and its timeframe is dependent on the molecular tumbling time of the 
molecules in solution .65 The faster the T2 relaxation, the broader the peaks appear in 
the spectrum. The nature of quadrupolar nuclei means any coupling of nuclei with 
spin I = V2 to a nuclei with spin of I > V2 results in faster relaxation, causing peak 
broadening. In the case o f C^In^Mes), it is reported that this relaxation is so fast that 
the resonance of C carbene is so broad it is not observed. 1 As spin-spin coupling occurs 
through bonds, it is transmitted through the electron density between the bonded 
atoms. If the bond is ionic, a node in electron density exists between the two bonded 
atoms unlike in a covalent bond where no such node exists. This node stops the 
coupling and thus the peaks are not broadened. However if covalent character 
remains, but in a reduced capacity due to increased bond length, the coupling to the
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quadrupolar nuclei is weaker thus peak broadening is reduced. Atoms in Molecules 
(AIM) calculations by G. D. Ruggerio at the University o f Bath suggest that the In- 
Ccarbene bond in (7) is predominantly ionic (In+ C') while examination of the peak 
broadening (Table 13) observed across the range of complexes (7)-(16) shows that
n  1
the Ccarbene resonances in the C{ H} NMR spectrum do exhibit slight broadening. 
This is apparent when comparing one of the CH3 resonances (CMe) of the mesityl 
rings (a peak representative of the other resonances in the spectra where quadrupolar 
coupling does not occur).
Peak width at Yi height (Hz) Bond Length (A)
Cin-Me Ccarbene CMe In-C Me In-Ccarbene
(11) 9.3 1.9 1.6 2.175(2) 2.312(1)
(8) 10.5 2.2 1.6 2.158(3) 2.273(3)
(7) 9.0 2.5 1.6 2.156(2) 2.267(2)
(15) 9.0 2.5 1.6 2.134(3) 2.269(3)
(16) 9.0 4.3 1.6 2.114(2) 2.170(2)
T ab le  12 : Peak width at A height correlated w ith bond length for 
com plexes (7 ), (8), (11), (15 ) and (16 )
Table 12 shows that there is a clear correlation between the shortening of the In- 
CCarbene bond length and the increased broadening o f the Ccarbene resonance in the 
13C{1H} NMR spectra. Cl3ln-(iMes), however has a bond length o f 2.200(7)A  which 
falls between those o f compounds (7) and (16), and thus in this argument its Ccarbene 
resonance should appear broadened with a peak width at V2 height lying between 2.5 
and 4.3Hz. This is not the case suggesting another process must be responsible for it 
being unobserveable in its 13C{*H} NMR spectrum. This could be caused by an 
exchange process on the NMR timescale and is discussed later. Table 12 also shows
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that the Cin-Me resonances exhibit extensive broadening and this can probably be 
attributed to the reduced length of the In-CMe bonds in comparison to the In -C carbene 
bonds [~0 .1 2A shorter] which suggests that they have increased covalent character.
3.3.2 Measuring the Lewis Acidity at the Metal Centre
The lH and “ C ^H } NMR spectroscopic and solid state data give a measure of the 
comparable Lewis acidity o f the complexes. Table 13 shows the correlation of 
reduced Ccarbene-In and Ci„-Me bond lengths with increased downfield shift o f the metal 
bound methyl groups in both the *H and ^C ^H } NMR spectra. This can be readily 
explained by considering the stabilisation of the indium metal centre. In (11), three 
methyl groups are bound to the metal centre. The inductive effect pushes electron 
density from the methyls toward the metal, stabilising the indium and as a result it 
froms a weaker bond to the carbene. In fact out o f all our complexes, it is (11) which 
has the furthest downfield Ccarbenc resonance and the furthest upfield indium methyl 
resonance in the 13C{1H} and NMR spectra.






(11) -1.26 -11.8 183.0 2 .175(2) 2.312(1)
(7) -1.03 -8.1 177.5 2.156(2) 2.267(2)
(13) -0.83 -7.1 176.2 2.141(2) 2.264(2)
(15) -0.72 -5.7 175.5 2.134(3) 2.269(3)
(14) -0.41 -5.0 168.7 2.115(2) 2.183(2)
(16) -0.04 -3.1 166.8 2.114(2) 2.170(2)
T ab le  13 : 'H and I3C {'H } N M R  spectroscopic data o f  Q n_Me and Ccarbeneand In-Ccarbene and In-CMe
bond lengths o f  several com plexes
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Replacement of a methyl with an electronegative chloride as in (7) means the chloride 
draws some electron density away from the metal. To compensate for this loss of 
electron density, the indium draws more from the remaining methyl groups and also 
pulls the Ccarbene closer toward itself. The result is shorter bond lengths, a downfield 
shift in the proton and carbon resonances of the metal bound methyls and an upfield 
shift in the Ccarbene resonance. As more weakly coordinating anions are used to replace 
the methyl and chloride groups, the trend of reduced bond lengths, downfield shift of 
methyl resonances and upfield shift of the Ccarbene resonances continues. As expected 
it is the bistriflamide complex, (16) which shows the shortest In-Me and In-Ccarbene 
bonds, the furthest downfield shift o f the metal methyl and the furthest upfield shift of 
the Ccarbene resonance of all the complexes.
Metal-Ccarbene bond length and Ccarbene chemical shift has been previously documented 
to give a good measure of the covalency o f the metal-Ccarbene bond .66 Studies with 
adducts of NHCs with group 2 metals have shown that the heavier the metal in a 
group, the weaker the metal-Ccarbene interaction and the more ionic its nature. The 
solid state data showed that the trend down the group is an increase in the length of 
the metal-Ccarbene bond coupled with a decrease in the N-C-N angle in the NHC ring 
toward the angle observed for the free carbene. ^ C f 1!!} NMR spectroscopy 
meanwhile showed that down the group the resonance for the Ccarbene shifts downfield 
approaching the value observed for free carbene.
In the same manner, the data in Table 13 suggests an increase in covalency can be 
observed by a reduction in the metal-Ccarbene bond length. This is supported by the
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Ccarbene resonance upfield chemical shift away from the corresponding resonance in 
(iMes) (216.0ppm in d8-toluene).
Comparing the N -C -N  bond angle in the 5-membered ring o f the complexes also gives 
a measure o f the change in ionic/covalent nature o f the Ccarbene-In bond.
more covalent







T a b le  14 : Comparison o f  N -C -N  bond angles in com plexes (7 ), (8), (11 ), (15) and (16)
Table 14 shows that the N-C-N bond angles o f the complexes falls between the 
normal value for free imidazole-2 -ylidenes [~1 0 2 °] and imidazolium cations 
[~108°].49 However (11) behaves more like the ionic system depicted in Figure 52 and 
(16) behaves more like the covalent system.
Indium -Ccarbcne bonding: Ionic Covalent
N A  /  N
L
Carbene behaviour: More like free carbene More like imidazolium salt
Figure 52 : Ionic and covalent bonding in indium carbenes
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In fact this change in bonding behaviour is also supported by the weak trend in N- 
Coiefin bond length and the strong trend in the resonance o f the olefinic protons in the 
lU NMR spectra.
more covalent
T able 15 : Comparison o f  N -C 0iefin bond lengths and the 'H  N M R  olefin ic  chem ical shift 
in com plexes (7), (8 ), (11), (15 ) and (16)
As Table 15 shows there is a slight statistical decrease in N-C bond length as In- 
Ccarbene covalency increases down the table. This is admittedly a weak trend, but the 
1H NMR spectra of these compounds show a strong trend in downfield chemical shift 
of the olefin resonance. This agrees with the enhanced delocalisation observed in the 
5-membered ring for the imidazolium cation over that o f the free carbene (Figure 
52).49 As the covalency in the In-Ccarbene bond increases, so does the delocalisation in 
the ring. This delocalisation results in shorter N-C0iefin bonds and further deshielding 
of the olefin backbone as the ring donates more electon density to the Ccarbene atom as 
its bond with the metal becomes shorter.
Combining the trends in solid and solution state techniques reported in this section 
convincingly shows that an increase in Lewis acidity at the metal causes an increase 
in covalency of the In-Ccarbene bond and the delocalisation in the NHC ring both of 
which can be readily observed structurally and spectroscopically.
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3.3.3 Solution Equilibria Suggesting Bis-Adduct Formation
47Although Jones and co-workers report several bis carbene indium halide adducts, 
none are reported for the carbenes (iMes) or (iPr). When efforts were made to 
introduce a second molecule of (iMes) to complex (7) some interesting results were 
observed.
While the reaction o f (7) with (iMes)Cl showed no reaction after 48 hours, reaction of 
(7) with (iMes) results in an equilibrium in solution. Both the lH and 13C{1H} NMR 
spectra o f the reaction mixture in C6D6 shows only one set o f NHC peaks which were 
not free carbene or (7). This was the case even when more than one equivalent of 
extra (iMes) was added.
n\.N----
Mes \  /  Mes
Me', ^ ' f — Cl
Me
M es'





Mes \  /  M es
In.
Me
M e ^  i  "Cl
r \
 ^ N . .N ------
+  Mes \  /  Mes
F igu re  53 : Reaction o f  (7) with (iM es)C l and (iM es)
Exchange
A !H NMR spectrum o f a 1 : 1.5 mixture o f (7) : (iMes) shows the resonance for the 
olefin protons at 6.38ppm while in (7) it appears at 6.05ppm and for (iMes) at 
6.49ppm. Thus the peak lies between the resonances in the two starting materials and 
is time-averaged. It lies closer to the resonance o f (iMes) because 1.5 equivalents of 
(iMes) are present in the reaction. The singlet observed for the metal methyls remains
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unaffected by the exchange process at -0.54ppm, the same shift observed for them in 
(7). The corresponding 'H NMR spectra are shown in Figure 54. Importantly in the 







7 0 6 0 5.0 4 0 3 0 2 0 1.0 0.0 -1.0
ppm (f1)
Figure 54 : 'H NM R spectra o f  the mixture o f  com plex (7) and (iM es), com plex (7), and (iM es)
The NMR spectra suggest a fluxional process is occurring (Figure 55). This 
equilibrium is faster than the NMR timescale and this is why only time-averaged 
peaks are observed in both the *H and ^C ^H } NMR spectra.
Me
Figure 55 : Equilibium process between (7) and (iMes)
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A 1:1 mixture o f (7) : (iMes) dissolved in dg-toluene was studied at lower 
temperatures by NMR spectroscopy. At -8 0 °C , (7) and free (iMes) are observed in the 
!H NMR spectrum while the 13C {’H} NMR spectrum exhibited both the C carbene for  
(iMes) at 216.0ppm and the C carbene of (7) at 175.2ppm. Because only (7) and (iMes) 
were observed by NMR spectroscopy at -8 0 °C , we can be confident that bis-adduct 
formation, if it occurs, is short-lived. Analogous exchange processes are suggested to 
occur for (1 1 ) and (1 2 ). It is likely that it is this process that causes the C carbene 
resonance of Cl3ln(iMes) to be substantially broadened as to make it unobserveable. 
When the reaction o f Cl3ln(iMes) and free (iMes) in a C6D6-THF mixture (due to 
solubility issues) was carried out, a crystalline material crashed out in the NMR tube 
which was not analyzed but could potentially be the bis adduct. This would agree with 
documented bis-adduct formation.54
Further crossover experiments were carried out to determine how readily the carbene 
comes away from the indium metal centre in solution. Combination of a 1:1 ratio of 
compounds (7) and (12) demonstrated formation o f a statistical mixture of 4  
complexes. The reaction scheme is shown in Figure 56, while the C carbene region of the 
^ C ^ H }  N M R  spectrum showing the 4  different C carbene peaks attributed to the 4  
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Figure 57 : l3C {'H } NM R spectrum showing the 4 Ccarbene resonances o f  the 4 compounds
These four compounds present in the mixture (Figure 53) have been reported 
elsewhere in this chapter where their C carben e resonances are: (7) [179.0ppm], (11) 
[184.8ppm] and (12) [180.1], while it follows that the fourth compound observed is 
Me2 ClIn(CN('Pr)C2Me2 ‘Pr) (*) and as expected its C carbene resonance appears slightly 
downfield of (12) at 175.1ppm due to the introduction of the electronegative chlorine. 
This compound was not isolated. This data indicates that the I n - C carbene bond is labile 
on the “chemical” timescale but that exchange is much slower than the NMR
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timescale as only 2 C carbene peaks would be observed if the exchange was much faster 
and possibly none if  the exchange occurred on the NMR timescale.
3 . 3 . 4  Does a C c a r b e n e # # # C l  interaction exist?
In the solid state, compounds (7), (8 ) and (10) show a distorted pseudo-tetrahedral 
geometry around the 4-coordinate metal centre with compressed C carbene-In-Cl bond 
angles.
Com pound Ccarbene-In-Cl angle ( )
(7) 91.45(5)
(8 ) 96.73(7)
(1 0 ) 90.33(4)
Me
90-97' Me
T able 16 : Com pressed Ccarbene-In-Cl bond lengths o f  (7 ), (8) and (10)
Two recent papers have also reported a compressed angle C carb e n e - M - C l  for 5- 
coordinate transition metal bis chloride carbene complexes. It is proposed that the 
compressed angle is caused by an intramolecular C carb e n e # # , C l  interaction. ’ For each 
o f these compounds, DFT calculations have shown the geometry distortion around the 
metal is not caused by crystals packing effects.
In one o f these complexes, a 5-coordinate titanium carbene complex,57 the geometry 
is distorted from a trigonal bipyramidal arrangement. The angular distortion (away 
from 90°) observed for the two chlorides in the complex is 6.7°. For this titanium
en
complex, which is discussed in the chapter introduction (Figure 24), it is reported 
DFT calculations show there is an interaction between the formally vacant C ca rbene
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(2p) orbital on the carbene ligand and the chloride by overlap between the chloride 
lone pairs and the carbenic 2p orbital (Figure 58).
—w  Mes
AXe sO c i ^ F
Figure 58 : Proposed orbital Ccarbene"»Cl overlap in Cl2(M e2N )2Ti(iM es)
It seems apposite to consider that the reason Arduengo-type carbenes have such 
stability is due to the substituents in the vicinal positions, having c-acceptor 7i-donor 
character.6,7 The electron-donating amino- substituents donate electron density back 
into the C carbene 2p orbital and it is for this reason amino carbenes are such poor n -  
acceptors because their 2p orbital is effectively already full. 53Cr-NMR spectroscopy
of [LCr(CO)5] complexes where L = NHC have been used to demonstrate their lack of
687r-acceptor ability. Therefore although the titanium complex is slightly distorted 
from an ideal trigonal bipyramidal geometry,57 to suggest DFT calculations for a Ti- 
N H C  that shows only a small distortion in the solid state structure prove a C c a r b e n e * # , C l  
interaction exists is contentious.
On the proviso that orbital overlap and ensuing C c a r b e n e * # # C l  interaction observed in 
the titanium complex was the cause of the observed distortion, the solid state structure 
of (7) was examined. The first suggestion that a C carb en e# # , C l  interaction may exist in 
the solid state is that of distorted tetrahedral environment where the C carb e n e - I n - C l  
bond [91.45(5)°] is compressed well below the tetrahedral angle by 18° (a significant 
increase in the distortion over that observed for the titanium compound). This finding
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is supported by the associated C c a r b e n e , , # C l  distance of 3.40A which lies inside the sum 
of the van der Waals radii of carbon and chlorine [3.60A]69 and by the angle at which 
the carbene sits, canted towards the chlorine by 12.8°. To rule out the distortion of the 
geometry being simply a packing effect or the approach of another molecule to form a 
dative In-Cl bond, DFT calculations were carried out. The DFT calculations at the 
B31YP/LAN2DZ level of theory did indeed give good agreement with the observed 
structure for (7) (Figure 59, Table 17) demonstrating that packing effects are not 
responsible for the distortion. The solid state data also shows that no close 
intermolecular contacts to the indium within 4.1 A are present.
F igure 59 : DFT (B3LYP/LA N2D Z) optimised structure o f  (7).
Selected Bond Lengths and Angles
Crystal structure DFT Calculated structure
C (l)-In(l)-C l(l) 91.45(5)° 93.82°
In(l)-C l(l) 2.481 (1 )A 2.516A
In(l)-C (l) 2.267(2)A 2.306A
CC1)— Cl(l) 3.403A 3.525A
T able 17: Comparison o f  som e crystal structure and DFT calculated 
bond lengths and angles in (7)
If an orbital overlap of the Ccarbene 2p orbital and a lone pair of the chloride is 
occurring in similar way to that proposed for the titanium complex then it would 




Figure 60 : Proposed Ccarbcne»**Cl orbital overlap in (7)
If this overlap occurs, one might expect the geometry at the C carbene to alter from an 
sp2 geometry toward an sp3 tetrahedral geometry as the interaction although not a 
formal bond makes the C carbene move towards 4-coordinate. However the 5-membered 
ring is canted 12.8° t o w a r d  the chloride instead of away from it as would be expected 
moving to sp3. Another consideration is that donation of electron density into the 2p 
Ccarbene non-bonding orbital should also increase the C c a r b e n e - N  bond lengths in the 5- 
membered ring. H3 ln(iMes) is used as a comparison because it does not have any 
chlorides and thus no “interactions” are expected. The 5-membered ring bond lengths 
and angles if H3 ln(iMes) and (7) are compared in Table 18.
Bond lengths ( A )  and 
Bond angles(°)
( 7 ) H3In(iMes) C (2 ) C (3 )
/ \








T able 18 : Comparison o f  relevant bond lengths in (7) and H3In(iM es)‘
The selected bond lengths of the two compounds are the same within errors which 
suggests the C l * # # C c a rbene interaction in (7) is extremely weak or that it does not occur.
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This distortion o f the 4-coordinate geometry seen in (7) about the indium centre is not 
observed in Cl3ln(iMes) but is observed in the closely related dihydride H2ClIn(iMes) 
although not to the same extent [ C ca r b e n e - h i - C l  = 101.7°] (Figure 61) and in this case 
no intramolecular interaction is commented on . 1 Although H2ClIn(iMes) does show a 
compressed C carb e n e - I n - C l  angle it has a different geometry at the indium centre than 
that observed in (7).
(7)










torsion angle between In-CI 
and C-C olefin seen 
from above
F igu re  6 1 :  C om pounds (7) and H2ClIn(iM es) view ed  from side on and above concentrating on the 
Cearbene-In-Cl angle and the torsion angle between the In-CI and C-C olefin  bonds (from above 
atom s and bonds are omitted for clarity, the m esityl rings are depicted as circles)
Figure 61 shows that the chloride in H2ClIn(iMes) does not line up perpendicular to 
the C-C olefin bond - the position it would be expected to adopt to maximize orbital 
overlap o f a chloride lone pair and the C carb ene 2 p orbital. The C carb e n e * * * C l  distance 
[3.567A] does however still lie within the sum of the van der Waals radii o f carbon 
and chlorine [3.60A].69 This suggests that an interaction may possibly still exist but 
supports the argument that it must be extremely weak as the Ccarbene-In bond is not 




The Ccarbene-In-Cl angles in Cl3ln(iMes) are 108.7(2), 112.09(15) and 1 1 1 .45(15 ) A ,1 
showing that the geometry around the indium is essentially tetrahedral (ideal 
tetrahedral angle = 109.3°). This could be because the three chlorides are competing 
with one another for a close interaction with the C carbene 2 p orbital. It is the chloride 
perpendicular to the C-C olefin bond of the 5-membered NHC ring which shows the 
slightly compressed angle [108.7(2)].
The weakness o f any C carbene#*#C l interaction is further demonstrated by the solution 
behaviour o f (8 ). !H NMR spectroscopy shows that free rotation around the C carbene-In 
bond in (8 ) occurs rapidly on the NMR timescale even at -7 0 ° C . If this interaction was 
in anyway significant, free rotation around the C carbene-In bond would not be expected.
These arguments suggest that the existence of a 0**C1 intramolecular interaction is 
by no means certain. If this interaction does exist, it is certainly only a weak one. DFT 
calculations have shown however that the geometrical distortion in (7) is definitely 
not caused by crystal packing effects but it seems unlikely that 0 #*C1 interactions, if 
they do exist, are alone responsible.
3.3.5 Are H m*C1 intramolecular interactions responsible?
For this reason, we decided to determine if hydrogen bonding might play some part in
the geometrical distortion. A study of the solid state structure of (7) after refinement 
o f the hydrogen positions suggest that H««*C1 intramolecular interactions may be 
present.
The cut-off point for the length o f a C-H***C1-M hydrogen bond (where M = metal) is 
a matter of some debate. It was recently reported that the conceptual van der Waals
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cut-off criterion can not reliably be applied to establish the presence of weak inter- 
and intramolecular H***C1 hydrogen bonding interactions and is perhaps better suited 
to being analysed by a distance/angle criterion technique.70 Another recent in depth 
study of hydrogen bonding of compounds in the Cambridge Structural Database 
(CSD) reports that a reasonable H*»*C1 cut-off distance for C-H***C1-M hydrogen 
bonding interactions is 2.987A. Accepting any H***C1 intramolecular distance outside 
this range o f being too long to be an interaction, then the H***C1 distances observed in 
(7) suggest that hydrogen bonding may be a factor in the observed molecular 
distortion.
C l
H 2 3 c
Ini
2 .907A
2 7 6 5 A
C 5
Cll
F igu re 62 : Asymmetric unit o f  (7) showing the intramolecular H«” C1 hydrogen bonds
The distances between the only two hydrogens significantly close to the chloride 
[H(14b)*#*Cl(l) = 2.765A, H(23c)*«*Cl(l) = 2.907A] lie inside the aforementioned 
cut-off point and suggest that there are two intramolecular hydrogen bonding 
interactions. This suggests that the two C-H**«C1-M may play an important part in 
causing the distorted geometry.
The fact that intramolecular hydrogen bonding may be occurring in (7) shows that the 
combination of the distorted geometry around the indium centre and the canting of the
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carbene toward the chloride may in fact be caused by hydrogen bonding
interactions.
Examination of the crystal structure of (NMe2)2Cl2Ti(iMes) suggests that, although 
the hydrogens have not been freely refined, there is a distinct possibility that H»**C1 
intramolecular hydrogen bonds exist. The two shortest H***C1 distances to each 










F igure 63 : C lose Cl*»*H intramolecular contacts in (N M e2)2Cl2Ti(iM es)
Compounds ( 8 ) - (1 0 )  also show significantly compressed bond angles from the 
tetrahedral angle (Table 20). However the hydrogens of these compounds have not 
been freely refined so it is difficult to say with certainty that hydrogen bonding is 
occurring unlike in complex (7) where the hydrogen positions are known. The two
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closest H«»«C1 intramolecular distances o f complexes (8)-(10) are shown in Table 20 
with those of (7) as a means of comparison.
H««*C1 distances (A) Ccarbene" ""Xdistances (A)
Ccarbene"In-
x  angle (°)
(7) 2.765 2.907 3.403 91.45(5)
(8) 3.113 2.975 3.497 96.73(7)
(9) 2.917 3.226 3.625 95.48(4)
(1 0 ) 2.732 3.455 3.383 90.33(4)
T ab le  20  : C lose H*” C1 distances and Ccarbene,,# Cl distances and Ccarbene-In-X angles in 
com plexes (7 )-(10) (where X = Br, C l)
The data shows the general trend that the shorter the H***C1 distances, the shorter the 
CCarbene*#*Cl distances, but if  one of these is the dominant force in the geometrical 
distortion how can it be determined? Interestingly it is (10) which shows the single 
shortest H«**C1 distance and C ca r b e n e " " " C l distance. This is a result o f the saturated 
back bone o f the 5-membered ring which due to the two carbons in the backbone 
being sp3 hybridised is not planar (see section 3.2.1.4). Because o f this different 
geometry compared to compounds (7)-(9), one side o f the saturated backbone is 
canted further toward the chloride by 8.5° i.e. the C(5)*»*C1 distance is 3.443A and the 
C(4)***C1 distance is 3.674A, this is a difference o f 0.23A. It is the side of the 
molecule canted further toward the chloride that possesses the shorter H«**C1 contact 
[2.732A] to the detriment of the other H«»*C1 contact which is so long [3.455A] it can 
be ignored. Compound (10) has the shortest C carb en e# # # C l  distance and it could be 
argued that due to the lack of delocalisation in the 5-membered ring in (iMesI-y that 
less electron density is donated to the 2 p orbital o f the C carb en e by the amino- 
substituents so it takes more from the lone pairs on the chloride by having a better 
orbital overlap. It can also be argued that the H***C1 contact and the C c a r b e n e " " " C l
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distance are shorter only because the sp3 hybridisation of the carbene backbone forces 
the ring further towards the chloride. Cl3ln(iMes) and H2ClIn(iMes) meanwhile, 
although their hydrogen are not freely refined show no close intramolecular H«**C1 
contacts within 2.987A.
The solid state structures of (7)-(10) also show possible intermolecular H***C1 







T ab le  21 : Shortest H«*«X intra and inter-molecular distances in 
com plexes (7 )-(10) (where X  = Br, Cl)
These values generally lie slightly inside the shortest intramolecular H***C1 distances 
observed for each compound and as Figure 64 shows are positioned below the 
chloride so might be expected to pull the chloride downward but that is clearly not the 
case. These close intermolecular contacts may simply be a result o f packing effects, 
but do suggest that presuming intramolecular hydrogen bonding is the cause of the 




Figure 64 : Intermolecular H**»C1 hydrogen bonding in (7)
The complexes Cl3ln(iMes) and H2ClIn(iMes) also have short H«**C1 intermolecular 
contacts within 2.987A shown in Table 22 although the hydrogens here have also not 
been freely refined.
Intermolecular 








T able 22 : Shortest H***C1 intermolecular distances in 
Cl3In(iM es) and H2ClIn(iM es)
The positions of the hydrogens involved here might also be expected to pull the 
chloride downward but this does not occur here either.
Ultimately, the presence of both H * # , C 1  and C c a r b e n e , , # C l  interactions cannot at this 




two interactions. Evidently the distortion is very weak as shown by the similarity of 
the solid state structure of (7) with FEInpMes) and does not persist in solution as 
observed by the free rotation of the Ccarbene-indium bond by NMR spectroscopy in 
compound (8 ).
3.3.6 M echanism  of Reaction of InM e3 with (iMes)Cl
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Figure 65 : P ossib le mechanism  for the reaction o f  InM e3 w ith (iM es)C l
Credence is given to this mechanism because of the similarity o f the intermediate step 
with the solid state structure of ['PrH]+[InBr4]' which has been isolated and reported.52 
It was possible to isolate this compound due to the enhanced stability offered to the 
metal centre by its bromide ligands. The anion 'InMesCl however is likely to be only 
short-lived and rapidly abstracts a proton from the carbene and eliminates methane to 
form (7). This is also supported by tests of the reaction o f (iMes)NTf2 with InMe3 
where no reaction is observed. The weak coordinating nature of the triflamide anion 
means it cannot stabilise the indium in the form as the intermediate Me3ln(NTf2) so. 
that the acidic proton can be abstracted by protonolysis.
The production o f (13)-(16) occurs by a simple protonolysis mechanism in the cases 
where acids are used to introduce the weakly coordinating triflate and triflamide 




A range of indium(III) carbene complexes have been synthesised and structurally and 
spectroscopically characterised. Systematic substitution of both the methyls and 
chloride with triflate and triflamide ligands has been shown to increase the Lewis 
acidity of the metal centre by the measure if and 13C{1H} NMR spectroscopy. A 
route to these potentially useful compounds has been developed by the synthesis of 
the air stable pre-cursors (7) and (11), whilst reaction of these compounds with the 
appropriate acid or trimethylsilyl reagent gives complexes (13)-(16) in a matter of 
minutes. At this stage the cause of the distortions observed in the solid state structures 
o f (7)-(10) has not been completely resolved, but it is clear that whatever interaction is 
responsible, it is weak and does not persist in solution. This means it is unlikely to be 
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Chapter 4 - Catalyst Screening in Friedel-Crafts Acylations
4.1 Introduction
The complexes synthesised in Chapter 3, especially those with triflate or triflamide 
ligands, are potential sources of Lewis acidic [(iMes)InMe]2+ or [(iMes)InMe2]+ 
fragments. It was anticipated that such complexes would make effective catalysts for 
Friedel-Crafts acylation, which are promoted by Lewis acids. In(OTf)3 and In(NTf)3 
have been shown to be active in this type of reaction but their low solubility means 
they are ill-defined and thus the active species in the catalysis is unknown. This 
introduction will cover background of the Friedel-Crafts acylation reaction and an 
overview o f related metal triflate and triflamide catalysis.
4.1.1 Introduction to Friedel-Crafts Acylations
Since the publication in 1877 of the details of the reaction between arylchloride and
benzene in the presence o f aluminium trichloride, AICI3,1 the scope o f what is called a
Friedel-Crafts reaction has widened so as to make an exact definition difficult.
Substitution, isomerization, elimination, cracking, polymerisation and addition
reactions under the effect of Lewis acids are all referred to as Friedel-Crafts reactions.
However, to generalise, a Friedel-Crafts reaction involves the following components: 
2-6
1. The substance to be substituted (e.g. an arene or olefin)
2. A reagent to provide the substituent (e.g. acyl or alkyl halide)
3. A catalyst which is usually a Lewis or Bronsted acid
4. A solvent (this can be an excess reagent)
5. The substituted product
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6 . The by-product generated from the substituent donor
The Friedel-Crafts acylation reaction is one o f the oldest reactions for the preparation 
of ketones by carbon-carbon bond formation. The products are widely used 
commercially, for example, in the synthesis o f anthraquinone dyes, and 
pharmaceuticals such as the anti-inflammatory drugs Naproxen ,7 Ibuprofen (Figure 




' C 0 2H
Ibuprofen
F igu re 1 : Synthetic pathway to Ibuprofen
OH
Pd(II)
Whilst a general Friedel-Crafts alkylation reaction proceeds in the presence o f a 
catalytic amount o f a Lewis acid such as AICI3 or boron trifluoride, BF3, acylation 
reactions require more than a stoichiometric amount o f Lewis acid due to their 
coordination to the product ketones. This leads to an environmentally flawed process 
with gaseous effluents and mineral wastes. However, this reaction becomes catalytic 
if the coordination complex of the Lewis acid and the product ketone becomes 
partially dissociated. This dissociation is Lewis acid and temperature dependent,2'6 
and it is possible to carry out Friedel-Crafts acylation reactions in the presence of a 
catalytic amount o f some Lewis acids at high temperature. 11 However, a temperature
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increase usually provokes side reactions. Consequently, the search for more efficient 
catalysts for this reaction is a current challenge. Indeed even after more than one 
century o f study, the ideal catalyst, which satisfies industrial, economical and safety 
constraints, and allows the Friedel-Crafts acylation reaction to proceed with a broad 
range o f aromatics and acylating reagents still remains to be discovered.
Catalysts which have been previously reported in this type of reaction include iron 
chloride (F eC y , zinc chloride (ZnCh) , 11 zeolites12' 14 and gallium chloride with silver 
perchlorate (GaCb-AgClC^ ) 15 but these systems show activity only in the acylation of 
activated aromatics. The extension of FeCl3 catalysis to unactivated aromatics has,
f 1A 17 • •however, been achieved under microwave conditions, ’ and efficient Bronsted acid
• 10 01 • • 04 07
catalysts are also known including superacidic systems, ' and sulfonic acids.
In terms of acylating agents, carboxylic anhydrides are one o f the most reactive acyl 
sources. The use o f  anhydrides however, has three drawbacks: the relatively limited 
diversity o f commercially available anhydrides when compared with carboxylic acids,
0 o
the acidic by-product and their inability to acylate unactivated aromatics. Acylation 
with acid halides derived from the parent acid solves the former problem, whilst a 
number o f efficient acyl donors with neutral by-products have been developed,
7 0  i n  11principally in, the field o f pH-dependent enzyme-catalysed reactions. ’ * Acid
78halides also appear to be able to acylate unactivated systems.
Acid chlorides provide the only real viable alternatives to carboxylic anhydrides, 
although harsher conditions (higher temperature, longer reaction times and increased
78 17catalyst loading) are required. ’ By this route, a wide range of ketones can be
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produced from carboxylic acids after first converting them to the corresponding acid 
chloride before acylation is carried out.
4.1.2 Metal Triflates as Friedel-Crafts Acylation Catalysts
Since the synthesis o f triflic acid, H(OTf) in 1954,33 its derivatives have been the
subject of many studies. Where Friedel-Crafts acylation reactions are concerned two 
main lines o f research have been developed. The first is the search for new acylating 
agents, such as mixed anhydrides (carboxylic triflic anhydrides or acyl triflates, 
RCOOTf) in which the triflate moiety (a “super-leaving group”) provides a 
significant activation of the acyl group.24,25 The second more importantly for the 
scope o f this thesis is the synthesis and study o f the catalytic activity o f triflates of 
elements having potential Lewis acidity.
The first use o f metal triflates as catalysts for acylation was reported in 198 8 .34 Boron, 
aluminium and gallium triflates were shown to catalyse the benzoylation o f toluene in 
up to 72% yield. However, 50mol% of these highly sensitive and expensive catalysts 
was required. Transition metal salts such as lanthanide, scandium and copper 
triflates ' and triflamides have also been developed as catalysts for acylation 
reactions. Their stability in water has been documented and this enables their 
recycling through the aqueous phase on work up .40 Their catalytic activity is limited, 
however, to the acylation of activated aromatics.
Unactivated aromatics (fluorobenzene, chlorobenzene and dichlorobenzene) have also 
been benzoylated via catalysis with a gallium triflate analogue. Gallium 
nonafluorobutanesulfonate [Ga(0 Nf)3] catalyses the reactions using benzoyl chloride
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as the benzoylating agent to give the corresponding ketones in high yield (Figure 2 









F igure 2 & T ab le  1: A cylations with benzoyl chloride catalysed by G a(O N f)3
4.1.3 Metal Triflamides as Friedel-Crafts Acylation Catalysts
The use of the trifluoromethanesulfonyl (Tf) group as an electron withdrawing
substituent on nitrogen substantially increases the acidity o f an amine, imine or imide. 
Compounds incorporating one T f group such as CF3SO2NH2 and CF3S0 2 N(H)Ph 
exhibit pKa values o f weak acids while two sulfonyl groups on nitrogen drastically 
increase the acidity o f the remaining proton, as shown by (F S C ^ N H ,42 (RS0 2 )2NH43 
(R = aryl) and bis(perfluoroalkylsulfonyl)imides HN(S0 2 Rf)2 (Rf = CF3, C2F5 and 
C4F9).44 It is for this reason that their use as either anions or acids in Lewis acid and 
Bronsted acid catalysis has proved so successful.
Initially synthesised in 1984,45 bis(trifluoromethanesulfonyl)amine H(NTf2) is a good 
catalyst for C-C bond forming reactions such as Friedel-Crafts, Mukaiyama 1,2 
additions and 1,4-additions46 Metal salts of H(NTf2) have also been reported as 
effective Lewis acid catalysts for Diels-Alder,47 acetylisation,48 acetalisation,49 
debenzylation,50,51 and Friedel-Crafts reactions.39 Metal triflamides are, in general, 
more effective Lewis acid catalysts than metal triflates because triflamides are less 
coordinating and believed to enhance the Lewis acidity at the metal centre. For
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example, acylation o f anisole to 4-methoxyacetophenone proceeds under much milder 
conditions when using ytterbium triflamide, Yb(NTf2)3 compared with ytterbium 
triflate Yb(OTf)3,39 while scandium triflamide, Sc(NTf2)3 is a far superior catalyst 











Yb(NTf2)3 25°C, 4h, 99% yield 
Yb(OTf)3 50°C, 18h, 99% yield
Sc(NTf2)3 98% yield 
Sc(O Tf)3 6% yield
F igure 3 : Dem onstrating the advantage o f  metal triflam ides over metal triflates
A range o f metal triflamides have also been tested in the benzoylation of toluene with 
benzoyl chloride at lmol% catalyst loading and 110°C in the absence of solvent media 
(Table 2). The metal triflamides of cobalt and zinc, Co(NTf2)2 and Zn(NTf2)2 have 
even been documented to be active in the acylation o f chlorobenzene with benzoyl 
chloride using an ionic liquid as the solvent media. At 130°C over 18 hours 95% and 

















T ab le  2 : Reaction o f  benzoyl chloride (5m m ol) w ith toluene (7.5m m ol) 
by various metal triflam ides in the absence o f  so lvent media
However, it is indium(III) systems containing triflate and triflamide ligands that we 
are most interested in for the scope of this thesis and thus the following section 
contains a review o f the pertinent literature involving these types o f system in Friedel- 
Crafts acylations.
4.1.4 In(OTf)3 and In(NTf2)3 in Friedel-Crafts Acylations
Excellent results have previously been obtained using In(OTf)3 in the acylation of
alcohols, amines and aldehydes as well as aromatics by the Frost group .53 The 













T able 3: The 0.1m ol%  In(O Tf)3 catalysed acylations o f  a range o f  substrates in acetonitrile
A proposed mechanism for the activation of acetic anhydride by indium(III) salts is 
shown in Figure 4. Coordination of a lone pair of electrons from the acetic 
anhydride to the Lewis acidic indium provides enhanced electrophilicity at the 
carbonyl carbons, resulting in attack from the aromatic nucleophile. The acetate anion 
abstracts a proton, which results in re-aromatisation to give the product ketone and the 
by-product acetic acid in a stoichiometric ratio.
(OTf)3
e
Figure 4 : Possible mechanism for the activation o f acetic anhydride (where X = OMe)
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4.1.5 Summary and Scope of Chapter
In summary, both In(OTf)3 and In(NTf)3 have been shown to exhibit strong activity in 
the Lewis acid catalysed Friedel-Crafts acylation of activated aromatics. The 
mechanisms of reaction during catalysis have not been documented although it has 
been postulated to occur as shown in section 4.1.4. Given the ill-defined nature of 
these catalysts the actual reactive species is not known. Use o f the soluble, well- 
defined complexes reported in Chapter 3 (which may act as models) may allow the 




4.2.1 Acylations with Acetic Anhydride
The Friedel-Crafts acylation reaction chosen for the preliminary catalyst screening
test was the reaction o f anisole with acetic anhydride to produce the /rara-substituted









F ig u re  5 : T he catalysed reaction o f  anisole and acetic anhydride
'O H
The conditions for the acylation of activated aromatics employed were developed 
previously in the Frost group .32,55 These include a catalyst loading of 5mol%, addition 
of 1.5 equivalents o f acetic anhydride, a temperature o f 50°C and nitromethane as the 
solvent medium.
4.2.2 Preliminary Screening
By carrying out the reactions in d3-nitromethane and drying and purifying all 
materials and the solvent before use, it was possible to study the product conversion 
vs. time behaviour for the acylation o f anisole directly by NMR spectroscopy and 
obtain accurate reaction completion times. Tests with compounds (7), (11), (13) and
(15) showed no conversion of anisole. However, (14) and (16) showed good activity 
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Me = OTf 
OTf
active 
but has poor 
solubility
(16)
M e ^  § NTf2 
NTf2
active 
& new compound 
generated
T ab le  3 : Com pounds tested and their performance (as determ ined by ’H N M R  spectroscopy)
Catalysis studies with (7), (11), (13) and (15) showed that the decomposition in each 
case was induced by the presence of the acylating agent, acetic anhydride alone while 
no change in the complexes was observed in the presence o f anisole. !H NMR 
spectroscopy showed that in the presence o f acetic anhydride, compounds (7), (13) 
and (15) decomposed to give chiefly the protonated carbene imidazolium cation,
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(iMes)+, where the partnering anions in each case are at this stage unknown (but will 
probably be acetate). However in the case o f the decomposition of (11) in the 
presence o f acetic anhydride that no (iMes)+ is produced. It was also evident that no 
methane elimination occurred in any of the four decompositions reactions as no peak 
was observed at 0.20ppm in the NMR spectra when the reactions were monitored 
in situ. Time constraints have prevented a more detailed analysis of these four 
reactions, so the identities of the other decomposition products for (7), (11), (13) and
(15) remain undetermined. Most importantly our tests show that (7), (11), (13) and
(15) are completely inactive as catalysts in the reaction.
For the successful reactions involving (14) and (16) it was possible to accurately 
analyse the percentage of product conversion. The ratio o f anisole to 4- 
methoxyacetophenone was calculated by integration o f the 2H resonance o f the 4- 
methoxyacetophenone product at 7.97ppm and o f the 2H resonance of the anisole at 
7.31 ppm. This allowed the product conversion to be readily determined in each 
spectrum. Obtaining spectra at 2 or 2.5 minute intervals during the reactions meant the 
percentage product conversion over time could be resolved.
As the following graph shows using a catalyst loading o f 5mol%, addition o f 1.5 
equivalents of acetic anhydride, a temperature of 50°C and nitromethane, the reaction 
catalysed by In(OTf)3 (used as a standard) is complete in 22 minutes while using (16) 
it is complete in 30 minutes (Figure 6 ). Compound (14) however shows lower activity 










25 300 5 10 15 20
tim e (mins)
F igu re 6 : Graph show ing conversion o f  4-m ethoxyacetophenone vs. tim e for the catalysts In(OTf)3,
(14) and (16).
It is important to point out that the result for ( 1 4 )  may not be accurate due to problems 
with its isolation. When analytically pure crystals of ( 1 4 )  are dried in vacuo, the 
molecule o f dichloromethane that co-crystallises in the lattice appears to be removed 
leaving a white powder which is reluctant to dissolve in dichloromethane or 
nitromethane. It is possible that this is the reason that the reaction is significantly 
slower than for ( 1 6 ) .
Despite repeated attempts, the data obtained for each catalysis test does not fit a first 
or second order rate equation. Even under pseudo 1st order conditions where the 
reaction was repeated using 10  equivalents of anisole and then 10  equivalents of 
acetic anhydride the data did not fit the rate equation.
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4.2.3 Substrate Screening for (16)
Because preliminary tests with (16) proved it was the most catalytically active o f our 
complexes, it was tested with a range of aromatic substrates of varying activation 





Furan O 1 0 0 2 CX
Phenol 0 ~ ° h 1 0 0 2 o -
Aniline o - 1 0 0 2 O nha‘
2,3-dimethylanisole C^ _oMe 1 0 0 16 - f t -
Veratrole
OMe
1 0 0 2 0
Ac^ ~^  OMe 
OMe
Anisole o - 1 0 0 30
Ac---^  ^ —OMe
1,4-benzodioxane CO 88 40 OCX
Mesitylene 8 6 300
T ab le  4 : Successful acylation reactions using (16)
As the table shows, the acylation reactions of the most activated substrates furan and 
the alcohol phenol and amine aniline are all complete within two minutes, much faster 
than that o f anisole (30 mins). The acylation reactions o f 2,3-dimethylanisole and 
veratrole, are also completed more rapidly than the acylation of anisole in 16 and 2 0  
minutes respectively. The less activated systems 1,4-benzodioxane reaches 8 8 %
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conversion after 40 minutes and stops, while mesitylene reaches 8 6 % conversion 
respectively after 300 minutes.
Tests with the less activated aromatic systems m-xylene, toluene, benzene and 
bromobenzene however, were unsuccessful and despite increasing the reaction 
temperature to 80°C for 24 hours no reactions were observed. The catalysis of the 
acylation o f mesitylene, m-xylene and toluene however, has been shown to be 
successful using a lmol% catalyst loading o f In(OTf)3. For toluene harsher conditions 
were required (the reaction was carried out in refluxing nitromethane and with 
10mol% In(OTf)3) but in all three cases a good yield is obtained after a one hour
79reaction (Table 5). In the case o f bromobenzene however, even when In(OTf)3 and 
harsh reactions conditions are employed for 24 hours the acylation does not occur.
Substrate Yield (%) Product
mesitylene 99 Ac_C ^
m-xylene 90 (_ )
'  Ac
toluene* o - 82 ac^ O ^
bromobenzene* C ^ Br 0 no reaction
T ab le  5 : A cylations using In(O Tf)3 (* =  reaction carried out at reflux and 10mol% In(O T f)3) 
4.2.4 Recycling the Catalyst
While In(OTf)3 can be readily recycled by extraction in the aqueous phase during 
reaction work-up followed by drying,32 this is not possible with (16) which
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decomposes in water to give intractable, unidentifiable products. However, a brief 
study was undertaken to determine if (16) retained its activity after already being used 
in a catalysis reaction. The acylation of anisole by acetic anhydride using a 5mol% 
catalyst loading o f (16) was carried out followed by addition o f another 1 0 0 mol% of 
anisole and 150mol% more acetic anhydride 24 hours later. As before the reaction 
was tracked by !H NMR spectroscopy (Figure 7).
100
80 -
§  7 0 -
e
«  60 -
co
°  50 -
Q.
(16)
(16) reused after 24 hrs
7050 600 10 20 4030
Time (m ins)
F ig u re  7  : Graph show ing yield  o f  4-m ethoxyacetophenone for the first catalysts 
run using (16) and for the second run 24 hours later
Although the data cannot be fitted to a first-order rate equation, it is evident that the 
speed o f conversion is significantly decreased for the second catalysis reaction. In fact 
the speed o f conversion appears similar to that observed after the initial stages o f the 




4.2.5 Behaviour of (16) during catalysis
As well as obtaining accurate reaction yields and completion times, tracking the 
reaction by NMR spectroscopy also made it possible to follow the behaviour of
(16) in solution during the catalysis. Study of the NMR spectra during a 5mol%
(16) catalysed acylation o f anisole in d3-nitromethane at 50°C showed that from the 
point the catalysis reaction was initiated to the point o f reaction completion a new 
indium carbene complex was present in solution. Observation of the NMR spectra 
show that this new complex which shall be termed complex (X) has the chemical 




/?ara-mesityl methyls 2.39 (6 H)
ortho-mesityl methyls 2.19 (12H)
indium methyl -0.14 (3H)
T ab le  6 : The resonances observed attributed to com plex (X ) in the 'H N M R  spectra in the (16)
catalysed reaction o f  anisole in C D 3N 0 2
Studies showed that unlike compounds (7), (11), (13) and (15) it is only when the
three reagents: (16), anisole and acetic anhydride are combined that (X) is formed.
From the NMR spectroscopy, (X) is postulated to consist o f a monomethylindium
species bound to the carbene. No acidic proton resonance attributed to (iMes)+ is
observed suggesting the In-C carbene bond remains intact while the metal bound methyl
resonance is observed at -0.14ppm slightly upfield o f the respective resonance in (16)
1 1[+0.07ppm]. The ligands (L and L in Figure 8 ) are proposed to be either two 




F igu re 8 : R eaction o f  (16) to form (X ) at the start o f  a catalysis reaction fo llow ed  by decom position
(w here L 1 = acetate, L2 = triflam ide or acetate)
*H NMR spectroscopy shows that (X) starts to decompose extensively once the
1 ncatalysis is complete. In fact within 2 hours o f catalysis completion, the H and C 
NMR spectra show the presence of an imidazolium carbene cation (distinguished by 
its one proton triplet at ~8 .6 ppm) as well as several unknown unidentifiable 
decomposition products. Even removal o f the solvent in vacuo as soon as the catalysis 
reaction is complete does not stop this decomposition. For this reason a I3C NMR 
spectrum of (X) could not be obtained.
To determine if  acetic acid (produced as a by-product in the catalysis reaction) could 
be responsible for the decomposition, studies o f the reaction o f (16) with acetic acid 
were carried out. Over two hours, (16) decomposed in the presence of the acid. First 
complex (X) was produced; this was followed by decomposition in the same manner 
as observed in the catalysis reactions to yield a group o f unknown compounds and the 
protonated carbene cation (iMes)+. A brief study o f the reaction of (16) with sodium 
acetate also showed decomposition. In this case however, formation of complex (X) 





An investigation was conducted to ascertain how (11) behaves in the presence of 
acetic acid and to determine if this might yield further information on its behaviour in 
the presence of acetic anhydride as witnessed during catalysis screening. It was hoped 
this would also provide information about how acetate coordination to indium might 
occur. Studies showed that reaction of (11) with one to three equivalents of acetic acid 
resulted in the isolation of only one compound, a bismethyl, bisacetate indium 
complex coordinated to (iMes), (17) (Figure 9).







F igu re 9 : Synthesis o f  (17) via reaction o f  (11 ) with tw o equivalents o f  acetic acid
The anticipated product had been a bisacetate complex similar to (16) where the 
carbene remains bound to a monomethyl indium species (Figure 10). This reaction, 
however, does not occur and we suggest instead the introduction o f the first 
equivalent of acetic acid results in methane elimination to form an unstable bismethyl 
monoacetate indium carbene species. In the presence o f a second equivalent of acetic 
acid, instead of another metal bound methyl substituent being abstracted, the carbene 
ligand is protonated off the indium centre to form the carbene cation. The second 
acetate meanwhile coordinates to the metal to form a 6 -coordinate bismethyl 
bisacetate indium(III) anionic species which stabilises the carbene cation to give the 





F ig u re  10 : Expected reaction o f  (11 ) with tw o equivalents o f  acetic acid
The methyl substitution and indium-Ccarbene bond cleavage occurred by protonolysis. 
Rapid evolution o f methane gas was observed and confirmed by a singlet resonance in 
CD2CI2 at 0.20ppm (the reaction was complete in five minutes). Complex (17) was 
produced and isolated in reasonable yield (72%) as a clear and colourless crystalline 
material by layering the dichloromethane reaction mixture with hexane and storing it 
at -20°C for 3 days. The crystals formed were suitable for X-ray crystallography and 
the solid state structure o f (17) is shown in Figure 11 while Table 7 shows relevant 
bond lengths and angles. Complex (17) is monomeric in the solid state and no close 
intermolecular contacts to the indium (within 3.27A) are observed. The N(l)-C(7)- 
N(2) bond angle [108.44°] is typical for imidazolium cations [~108°]56,57 and the 
carbene has no direct bonding interaction with the indium metal centre although 
hydrogen bonding between the indium species and the imidazolium cation is present. 
The molecule has C2 symmetry and the indium adopts a 6 -coordinate geometry with 4 
short bonding contacts to the two methyl groups [2.1356(16)A and 2.1324(17)A] 
(which are the same within errors) and two o f the oxygens o f the acetate ligands 
[2.2128(10)A and 2.2080(10)A] (which are also the same within errors). It has two 
longer bonds with the remaining two oxygens o f each acetate ligand [2.835A and 
2.845A] lying well within the atomic radii for oxygen and indium [3.40A].58 The six 
coordinate indium(III) species sits directly below the carbene and the two methyl 












Figure 11 : M olecular structure o f  M e2(COOCH3)2In(iM es) (ellipsoids drawn at 30% probability level) excluding H (7) hydrogen atoms are omitted for clarity
ln -C (l) 2 .1356(16) H (7 )-0 ( l) 2 .304 N (l)-C (7 )-N (2 ) 108.44(12) C (7 )-N (l)-C (8 ) 108.90(11)
In-C(2) 2 .1324(17) H (7 )-0 (3 ) 2 .328 C( 1 )-In-C(2) 142.88(9) 0 ( l ) -C (3 ) -0 (2 ) 123.12(13)
In -O (l) 2 .2128(10) N (l)-C (7 ) 1.3272(17) C (l)-In -0 (1 ) 104.39(6) 0 (1 )-C (3 )-C (4 ) 116.48(13)
In -0 (3 ) 2 .2080(10) N (l)-C (8 ) 1.3888(17) C (l)-In -0 (2 ) 90.14 0 (2 )-C (3 )-C (4 ) 120.40(13)
In -0 (2 ) 2.835 0 (1 )-C (3 ) 1.2817(17) 0 ( l ) - I n -0 (2 ) 50.24 0 ( l ) -H (7 ) - 0 (3 ) 80.36
In -0(4) 2.845 0 (2 )-C (3 ) 1 .2380(16) In -0( 1 )-H (7) 97.48
T able 7 : Selected bond lengths (A) and angles (°) for (17)
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of the 5-membered heterocyclic ring. The acetate ligands are trans to one another and 
strongly hydrogen bond with the proton bound to the Cjmjdazoiium atom, the 0**H  
distances [2.304A and 2.328A] anchoring the imidazolium in place. Because the 
methyl groups o f the acetate ligand point toward the carbene mesityl groups, the 
aromatic groups occupy a staggered geometry where they tilt in opposite directions 
from one another. This configuration minimises the steric repulsions between the 
methyl substituents o f the cation and the acetate methyls o f the anion.
In the NM R spectrum the resonance attributed to the acidic proton bound to the 
Ccarbene appears as a resonance at 9.94ppm and is a triplet due to 4J  coupling (1.4Hz) to 
the two protons on the olefin backbone of the 5-membered ring. The olefin protons 
appear as a 2H doublet at 7.65ppm where the multiplicity is caused by 4J  coupling 
(1.4Hz) to the acidic proton. The 4 aromatic protons are observed as a singlet at 
7.11ppm. The methyl substituents of the mesityl rings appear as a 6 H singlet at 
2.39ppm and a 12H singlet at 2.16ppm while the methyl groups of the metal bound 
acetate ligands appear as a 6 H singlet at 1.57ppm. Furthest upfield is the singlet 
resonance o f the two metal bound methyl groups at -0.60ppm. The 13C NMR 
spectrum o f (17) shows the 11 carbon environments o f the molecule and correlation 
spectroscopy proves that the quaternary carbons o f the acetate ligands appears furthest 
downfield at 178.0ppm while the C-H peak appears at 139.9ppm the expected region 
for the C-H o f imidazolium cations.56,57 The acetate methyl resonance is observed at
23.1 ppm while the metal bound methyl resonance is observed furthest upfield at - 
5.8ppm. Tests with (17) showed it was completely inactive as a catalyst in the 




4.2.7 Lewis vs B rensted Acidity
It was important to determine the nature of the active species in the catalysis reactions 
involving (16) and see if  it behaved as a Lewis or Bronsted acid during the reactions. 
Because a Bronsted acid is a protic acid by definition, a base will readily neutralise 
the acid. Therefore, introduction of a suitably hindered base would neutralise any 
protic acid present but would be too sterically hindered to interact with the Lewis 
acidic metal centre (as previously documented in some brief mechanistic studies of 
Bi(OTf)3 and Yb(OTf)3).28,40 Interestingly introduction o f 5mol% of the hindered base 
2 ,6 -di-tert-butylpyridine to a (16) catalysed acylation reaction shut down the catalysis 
completely and no product was observed after 24 hours. This was also found to be the 
case when the hindered base was added to a In(OTf)3 catalysed acylation reaction. 
This study briefly unequivocally demonstrates that the catalytic process is clearly 
Bronsted acid promoted and not Lewis acid promoted. The stoichiometric addition of 
the hindered base to (16) shows that no chemical shift change is observed in the two 
reagents proving no coordination of the base to the indium centre occurs.
Tests were carried out using the protic acids H(OTf) and H(NTf2), as the catalysts in 
the absence o f any indium reagent. These two acids proved extremely active as 
catalysts in the reaction and even outperformed In(OTf)3. Figure 12 shows a 
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F ig u re  12 : Graph show ing the comparable conversion tim es o f  the acylation o f  anisole catalysed by
5mol% H (NTf2), H(OTf), In(OTf)3 and (16)
As the graph shows, H(NTf2) gives 100% yield in 18 minutes. This is closely 
followed by H(OTf) in 20 minutes, In(OTf)3  in 22 minutes and (16) in 30 minutes. 
The plots of product conversion against reaction time for each catalyst show the rates 
of conversion to be very similar for all four systems. The introduction of hindered 
base in each case quenches each reaction immediately. From the graph it is clear that 
the metal is involved in the catalysis as the four different catalysts show different 
rates.
While H(OTf) and H(NTf2) have proved to be effective Bronsted acid catalysts in the 
acylation reactions, interestingly, perchloric, hydrochloric and acetic acid are all 
inactive as catalysts in the same acylation reactions. Inspection of pKa values shows 
they are not as acidic as H(NTf2) or H(OTf) on the scale H(OTf) (-14) > HC104 (-10) 
> HC1 (-8) > H(OCOCH3) (4.7). Unfortunately no pKa value is available for H(NTf2), 
but gas phase acidity measurements have shown the enhanced acidity of H(NTf2)
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[AGacid = 291.8 kcal/mol] over H(OTf) [AGaCid = 299.5 kcal/mol] .44 It is clear from 
these results that a very acidic proton is required for the catalysis to occur.
To ensure that the indium metal centre was not also directly acting as a Lewis acid 
catalyst in the preliminary stages of the acylation reactions to generate a proton, a 
further study was also carried out involving the reaction of a 1 :1 :1:1 ratio of substrate 
: acylating ag en t: (16) : hindered base. It was expected that if  the Lewis acidic indium 
could coordinate and activate the acetic anhydride in the absence o f a highly acidic 
protic species, then the reaction would still turnover once. However no catalysis 
reaction was observed by ]H NMR spectroscopy.
\  yCFa /(iMes) 0 _ y 's /  (iMes) Q /  (iMes) 0
\  acetic anhydride \  /  \ _  anisole \  /
Me—7 ln ) N ► Me- j ln  P  Me—rln  P
N< w x  4 W  /  0Me
/  c f 3 \  \
F igure 13 : P ossib le m echanism  if  the reaction w as directly catalysed by the metal centre
In summation the most important points from our results are:
• The monotriflate/triflamide complexes [(13) and (15)] and complexes without 
triflate/triflamide ligands [(7), (11)] are not active catalysts.
• The bistriflate/triflamide complexes (14) and (16) are active catalysts.
• ‘ Thus the catalysis reaction requires a strong Lewis acid and/or two vacant
sites.
• The low solubility o f (14) makes tracking its behaviour during catalysis 
difficult.




• The indium metal centre of (X) is unable to catalyse the reaction in the 
absence o f a protic source.
• The catalysis reactions therefore require the generation/presence of a very 
strong acid to proceed.
• The presence of acetic acid ultimately results in the In -C carbene bond cleavage 
o f (16) to form (iMes)+ preventing its reuse or recycling.
4 .3  D is c u s s io n
4.3.1 Mechanisms of the Reaction
In the case o f the catalytically active complexes, our studies in Chapter 3 showed the 
metal bound methyl group in the monomethyl systems (14) and (16) could not be 
removed by introduction o f a protic acid. However, in the case of the inactive 
systems, the bismethyl systems, (7), (13) and (15), one o f the two metal-bound methyl 
groups can be readily removed by protonolysis. Tracking the catalysis reactions of
(7), (13) and (15) it was clear that methane elimination did not occur in any of the 
three reactions as observed by NMR spectroscopy. It is plausible therefore that 
these compounds have decomposed in a similar manner to that observed on addition 
of the second equivalent of acetic acid to (17), which results in cleavage of the In- 
Ccarbene bond and (iMes)+ formation. The reaction o f compound (11) with acetic 
anhydride remains unclear by lH NMR spectroscopy and if time allowed would have 
been investigated in more detail. Whatever the products o f the reaction are in that 
case, no methane elimination is observed, the In-Ccarbene bond remains intact and no 
catalytic activity is observed in the acylation reaction.
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4.3.2 Lewis assisted Bransted acidity
Our studies into the reaction o f a 1:1:1:1 ratio of substrate : acylating agent : (16) : 
hindered base showed that the Lewis acidic indium metal centre of (16) was not 
directly responsible for the success o f the catalysis reaction.
OMe
F igu re 14 : P ossib le  mechanism  i f  the catalysis w as initiated by acetic anhydride
coordination to the metal
So if the reaction is not initiated by coordination of the acetic anhydride to the metal 
centre how does the reaction start? It is clear that compound (X) is formed from (16) 
instantaneously in the presence of both acetic anhydride and anisole. Studies have also 
shown complex (X) is formed instantaneously from the direct reaction of (16) and 
acetic acid. In both cases the existence of (X) is relatively short-lived and degrades to 
give principally (iMes)+. In the catalysis run it is important to reiterate that the 
decomposition o f (X) starts to occur only once the catalysis reaction is complete. It is 
likely that this (X) is the active species.
It would appear therefore that formation of (X) depends on the presence of acetic acid 
(earlier studies showed that neither a 1:1 mixture o f acetic anhydride and (16) nor a 
1:1 mixture of anisole and (16) gave (X)). Observation o f the NMR spectrum of 
the purified acetic anhydride shows however that a residual acetic acid impurity 
(~1.0%) is present. Thus it is possible that compound (X) is formed in the presence of 
acetic anhydride but only in very small amounts (<1.0%) We postulate that (X) exists 
in one of the two forms shown in Figure 15 where coordination of one or two
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F igu re 15 : Two possible
For complex (X) to exist as form (I) or ( 
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F igu re 16 : Formation o f  a L ew is assisted Bronsted acid from the reaction o f  Y b(O T f)3 with acetic acid
Coordination of the acid to the metal in our system would result in a marked increase 
in the Bronsted acidity of the acetic acid and this also means it is likely proton transfer 
can occur between coordinated acetic acid and free triflate resulting in a rapid 
equilibrium .40 Thus it is possible an equilibrium exists for our system where the 





F igu re 17 : Postulated equilibrium betw een com plex (X ) and H (N T f2) (H  = proton being transferred)
At the start o f the catalysis only a small amount o f residual acetic acid impurity (from 
the acetic anhydride) is present but, once (X) and then H(NTf2) have been generated, 
the catalysis reaction can turn over rapidly generating more acetic acid by-product, 
resulting in formation of more of (X) until all of the (16) present has been converted. 
Our studies have shown that this is a fast process (complete in less than 2 minutes).
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While H(NTf2) has been shown to be an active catalyst in the acylation reactions, the 
possibility that (X) could also be active cannot be discounted. For this to be the case 
our studies have shown that the Lewis assisted Bronsted acid would require a similar 
pKa to that o f H(OTf) [-14], but because (X) cannot be isolated, its acidity has not 
been determined.
The stability o f complex (X) during the catalysis can perhaps be attributed to its 
involvement in catalysis. As long as both (X) and H(NTf2) are involved in catalysis 
the In-Ccarbene bond remains intact because the decomposition of (X) is sufficiently 
slow that the Bronsted acids are involved in the kinetically favourable catalytic cycle. 
Once the catalysis is complete however, intramolecular attack o f In-Ccarbene bond by 
the acidic proton o f the coordinated acetic acid in (X) can cause its cleavage via 
protonation o f the carbene to form (iMes)+.
4.4 Summary
Using predominantly compound (16), which tests showed was our most catalytically 
active compound, it has been shown that a range o f activated aromatic substrates can 
be readily acylated. The solubility of this system also made it possible to track the 
behaviour o f (16) in solution during catalysis reactions via lH NMR spectroscopy. 
From monitoring catalysis reactions and further experimental investigation we were 
able to determine that the catalysis reactions occur via an acid-catalysed mechanism. 
Our studies suggest that a Lewis assisted Bronsted acid, complex (X) plays an 
important part in the reaction. Dissociation of a triflamide ligand from the metal 
centre followed by coordination of acetic acid to form a chelate, enhances the acidity 
of the acetic acid. The acid is then able to transfer its proton to the triflamide anion to
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form H(NTf)2 which is acidic enough to promote catalysis itself. While H(NTf)2 and 
has been shown to be an effective catalyst in the reaction in the absence of indium due 
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Chapter 5 - Experimental
5.1 Experimental Techniques
5.1.1 General
All manipulations unless otherwise stated were performed under an argon or nitrogen 
atmosphere, using standard Schlenk-line and glove-box techniques. Glassware was 
oven dried at 130°C overnight and flamed under vacuum three times before use. 
CH2CI2 and MeCN were distilled from CaH2. Toluene, hexane, diethyl ether and THF 
were distilled from sodium-benzophenone-ketyl. C6D6 was dried over a potassium 
mirror; CD2CI2 and CD3NO2 were distilled under vacuum from CaH2. Microanalyses 
were performed by Mr Alan Carver (University of Bath Microanalytical Service) and 
Mass spectrometry were performed by Mr Chris Cryer (University o f Bath Mass 
Spectrometry Service). Mass spectrometry analyses were carried out on all 
compounds but for each compound the ions found were not consistent with the 
molecular ion.
5.1.2 NMR Spectroscopy
*11, 19F, 13C{1H} spectra were recorded on a Bruker Avance 400MHz and Bruker 
Avance 300MHz spectrometers. Residual protio solvent was used as reference for 
NMR spectra (CD2C12: 5 = 5.33, C6D6: 5 = 7.16, CD3N 0 2: 5 = 4.33, C6D5CD3: 5 = 
7.09) and 13C spectra (CD2C12: 5 = 54.0, C6D6: 6  = 128.7, CD3N 0 2: 5 = 62.8, 





Crystallographic measurements for all structures were recorded on a Nonius 
KappaCCD diffractometer with MoKa radiation (0.71073 A). Structure solution 
followed by full-matrix least-squares refinement was performed by using the SHELX 
suite of programs throughout. Hydrogens were included in calculated positions unless 
otherwise stated.
5.2 Syntheses and Characterisation
5.2.1 Starting Materials
The Schiff bases 4-phenylaminopent-3-ene-2-one,4'6 l-phenyl-4-phenylaminopent-3-
f \  7ene-2-one, 4-(S-methylbenzyl)aminopent-3-ene-2-one, 4-(2,6-diisopropylphenyl)
O A
aminopent-3-ene-2-one, and complex Me2lndipp2nacnac, were synthesized by 
published methods. The starting materials (iMes)Cl, free (iMes) , 1 (iPr)Cl and free 
(iPr) ,2 (iMesH2)Cl2 and (CN(Pr')C2Me2NPr‘) 3 were all prepared by previously 
published methods. All other chemicals were used as purchased from Aldrich, Acros, 
Avocado, Fisher, Fluka or Strem chemicals.
5.2.2 Syntheses
Satisfactory microanalyses on all indium bis methyl compounds coordinated to Schiff 
bases and their derivatives were unobtainable, consistently being low in carbon and 
hydrogen by two methyl groups despite repeated attempts with pure crystalline 
samples. Satisfactory mass spectrometry data on all compounds reported was 
unobtainable despite repeated attempts with pure crystalline samples.
[Me2In{N[C6H 5]C(CH 3)CHC(CH 3)^-0 }]2, (1): InMe3 (1.150 g, 7.19 mmol) and 
HN[C6H5]C(CH3)CHC=0 (CH3) (1.145 g, 6.53 mmol) were stirred in 15 ml toluene
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for 2 hrs. Methane gas evolution was observed. The solvent was removed in vacuo. 
The product was then dissolved up in hot hexane and stored at 277K. After 3 hrs clear 
and colourless crystals had formed (1.605 g, 5.03 mmol)
Yield: 78 %.
8 1!! (295K, CgD6): 6.96-7.04 (2H, m, J  cannot be determined, aromatics), 6 .8 6  (1H, 
1 0tt, /  = 7.4Hz, J  = 1,4Hz, aromatics), 6.65-6.70 (2H, m, /  cannot be determined, 
aromatics), 4.82 ( 1H, s, CH in chelate ring), 1.97 (3H, s, CH3), 1.45 (3H, s, CH3), 0.03 
(6 H, s, InMe2)
6 !H (295K, CD2C12): 7.36 (2H, tt, lJ=  7.9Hz,2/ =  1.9Hz, aromatics), 7.19 (1H, tt, lJ  
= 7.5Hz, 2/ =  1.4Hz, aromatics), 6.89 (2H, dt, lJ  = 7.3Hz,2/ =  1.4Hz, aromatics), 4.96 
(1H, s, CH in chelate ring), 1.97 (3H, s, CH3), 1.77 (3H, s, CH3), -0.23 (6 H, s, InMe2) 
813C{1H }(295K ,C 6D6): 184.9, 171.6, 149.0, 130.4, 125.9, 124.6, 98.3, 28.7,
23.5, -6.0
M e2In{N[C6H 5]C(CH 3)CHC(C6H 5)p-0 }, (2): InMe3 (120 mg, 0.93 mmol) and 
HN[C6H5]C(CH3)CHC=0 (C6H5) (200 mg, 0.84 mmol) were stirred in 5 ml toluene 
for 2 hrs. Methane gas evolution was observed. The solvent was removed in vacuo. 
The product was then dissolved up in hot hexane and stored at 277K. After 4 days 
clear and pale yellow crystals had formed (230 mg, 0.60 mmol)
Yield: 72 %.
8 !H (295K, C6D6): 7.99 (2H, m, J  = 7.7Hz, aromatics), 7.10-7.20 (3H, m, /  cannot be 
determined, aromatics), 6.98 (2H, t, /  = 7.7Hz, aromatics), 6.83 (1H, tt, y/  = 7.4Hz, 2J  
-  1.1Hz, aromatics), 6.65 (2H, m, /  cannot be determined, aromatics), 5.58 (1H, s, 
CH in chelate ring), 1.49 (3H, s, CH3), 0.00 (6 H, s, InMe2)
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81H (298K, CD2CI2): 7.82-7.88 (2H, m, J  cannot be determined, aromatics), 7.36- 
7.44 (3H, m, J  cannot be determined, aromatics), 7.23 (1H, tt 3J =  7.5Hz, 4J =  1.2Hz, 
aromatic), 6.97(2H, m, J  cannot be determined, aromatics), 5.66 (1H, s, CH in chelate 
ring), 1.93 (3H, s, CH3), -0.14 (6 H, s, InMe2)
8i3C{'H} (298K, CD2CI2): 177.9, 172.9, 148.4, 141.6, 130.4, 130.1, 128.6,
127.4, 125.9, 124.1, 95.9, 24.0, -6.9
813C{'H} (295K, C6D6): 179.0, 172.8, 148.9, 142.1, 130.9, 130.4, 129.0 128.2,
126.1, 124.4, 96.4, 24.0, -6.1
[Me2ln{0C(CH3)CHC(QH5)n-0}]2, (3): InMe3 (325 mg, 2.03 mmol) and 
0 C(CH3)CHC=0 (C6H5) (300 mg, 1.85 mmol) were stirred in 10 ml toluene for 2 hrs. 
Methane gas evolution was observed. The solvent was removed in vacuo. The product 
was then dissolved up in hot hexane and stored at 277K overnight. Colourless crystals 
formed (396 mg, 1.294 mmol).
Yield: 70 %.
8 1!! (295K, CD2CI2): 7.82-7.88 (2H, m, J  cannot be determined, aromatics), 7.38- 
7.53 (3H, m, J  cannot be determined, aromatics), 5.99 (1H, s, CH in chelate ring),
2.14 (3H, s, CH3), 0.02 (6 H, s, InMe2)
8*11 (295K, C6D6): 7.85 (2H, m, J  cannot be determined, aromatics), 7.06-7.18 (3H, 
m, J  cannot be determined, aromatics), 5.84 (1H, s, CH in chelate ring), 1.84 (3H, s, 
methyl), 0.10 (6 H, s, InMe2)




Me2In{N[<S-CH(CH3)C5H 6]CHC(C6H 5)p-0 }, (4): InMe3 (225 mg, 1.41 mmol) and 
HN[5 ,-CH(CH3)C5H6]CHC=0 (C6H5) (340 mg, 1.28 mmol) stirred in 5 ml toluene 
overnight. Methane gas evolution was observed. The solvent was removed in vacuo to 
yield a yellow oil (503 mg, 1.23 mmol). Attempts to grow crystals suitable for X-ray 
diffraction were unsuccessful.
Yield: 95 %.
8 JH (295K, CD2CI2): 7.82-7.85 (2H, m , J  = cannot be determined, aromatics), 7.34- 
7.48 (8H, m , J  = cannot be determined, aromatics), 5.56 (1H, s, CH in chelate ring),
5.11 (1H, q, J = 6.7Hz, CH in chiral group), 2.25 (3H, s, CH3), 1.67 (3H, d, J=  6.7Hz, 
CH3 in chiral group), -0.08 (3H, s, InMe), -0.55 (3H, s, InMe)
8 13C{'H} (295K, CD2CI2): 176.3, 172.3, 142.5, 141.7, 130.1, 129.5, 128.6,
128.5, 128.1, 127.3, 96.7, 58.7, 23.7, 21.5, -4.6, -6.7
[Cl2ln{N[o-C6H3(lP r)2]C(CH 3)CHC(CH3)n-0 }]2-C6H5CH3, (5): The compounds 
(Et20 )2Li{N[o-C6H3(iPr)2]C(CH3)CHC(CH3)p-0 } (200 mg, 0.563 mmol) and excess 
InCl3 (174 mg, 0.789 mmol) were stirred in 5 ml toluene at 130°C for 48 hours. The 
mixture was filtered via cannula whilst hot and the filtrate was allowed to cool upon 
which clear and colourless crystals formed (90 mg, 0.062 mmol).
Yield: 36 %.
5‘H (295K, CD2CI2): 8  = 7.14-7.35 (11H, overlapped, aromatics), 5.41 (1H, s, CH in 
chelate ring), 2.91 (4H, septet, J  -  6 .8 Hz, CH isopropyl), 2.41 (6 H, s, methyl), 2.35 
(3H, s, tolene methyl), 1.85 (6 H, s, methyl), 1.26 (12H, d, J  = 6 .8 Hz, CH3 isopropyl),
1.14 (12H, d ,J =  6 .8 Hz, CH3 isopropyl)
S^C ^H } (295K, CD2C12): 181.4, 178.0, 142.1, 140.8, 138.5, 127.5, 128.7, 128.5, 
126.0, 125.0, 102.9, 29.0, 28.3, 26.0, 24.7, 24.5
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Elemental Analysis: Calcd (%) for C41H52N2O2CI4I112: C 50.44, H 5.37, N 2.87;
found C 49.6, H 5.69, N 2.76
Me2CIIn(iMes), (7): InMe3 (387 mg, 2.42 mmol) and (iMes)Cl (750 mg, 2.20 mmol) 
were stirred in 15 ml toluene at ambient temperature overnight. The solvent volume 
was reduced to half volume and stored at 277K overnight to yield a batch o f clear and 
colourless crystals. The crystals were removed and the remaining solution was re­
cooled to 277K for further recrystallisation. This was repeated 3 times (or until no 
further crystals were formed) (885 mg, 1.82 mmol).
Yield: 83 %.
Alternative synthetic route: A Schlenk was charged with InCl3 (200 mg, 0.90 
mmol). THF (15 ml) was added via cannula and stirred at 195K. 1.6 M MeLi in ether 
(1.7 ml, 2.72 mmol) was added via syringe and the mixture was stirred at 195K for 
lh r and then allowed to warm to ambient temperature. The cloudy solution was added 
via cannula directly to (iMes)Cl (308 mg, 0.90 mmol) and stirred for a further hour to 
leave a yellow liquid/brown precipitate. The mixture was filtered and the filtrate dried 
in vacuo, taken in toluene and filtered again. This second filtrate volume was reduced 
and stored at 277K overnight to yield a batch o f pale yellow crystals. This was 
repeated 3 times (or until no further crystals were formed) (295 mg, 0.61 mmol). 
Yield: 67 %
6!H (298K, CD2CI2): 7.19 (2H, s, olefin), 7.05 (4H, s, aromatic), 2.37 (6 H, s, Me),
2.12 (12H, s, Me), -1.03 (6 H, s, In-Me)
5!H (298K, C6D6): 6.73 (4H, s, aromatic), 6.05 (2H, s, olefin), 2.08 (6 H, s, Me), 2.04 
(12H, s, Me), -0.54 (6 H, s, In-Me)
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813C{1H }(298K ,C D 2C12): 177.5, 140.5, 136.0, 134.9, 129.8, 124.3, 21.4, 18.0, -
8.1
8 13C{!H} (298K, C 6D6): 179.0, 140.5, 136.1, 135.5, 130.3, 123.8, 21.7, 18.4, -
7.2
Elemental Analysis: Calcd (%) for C23H30CII11N2: C, 56.99; H, 6.24; N, 5.78 Found: 
C, 57.20; H, 6.21; N, 5.66
Me2ClIn(‘Pr), (8 ): InMe3 (103 mg, 0.64 mmol) and ('Pr)Cl (200 mg, 0.57 mmol) 
were stirred in 10 ml toluene at ambient temperature overnight. The solvent volume 
was reduced to half volume and stored at 277K overnight to yield a batch o f clear and 
colourless crystals. The crystals were removed and the remaining solution was re­
cooled to a temperature o f 277K for further recrystallisation. This was repeated 3 
times (or until no further crystals were formed) (287 mg, 0.50 mmol).
Yield: 86 %
8 'H  (298K, CD2CI2): 7.54 (2H, t, J  = 7.5Hz, aromatics), 7.37 (4H, d, J  = 7.5Hz, 
aromatics), 7.28 (2H, s, olefin), 2.67 (4H, septet, J  -  6 .8 Hz, CH isopropyl), 1.33 
(12H, d, J  -  6 .8 Hz, CH3 isopropyl), 1.17 (12H, d, J =  6 .8 Hz, CH3 isopropyl), -1.08 
(6 H, s, InMe2)
8 'H  (203K, CD2CI2): 7.51 (2H, t, J  = 7.8Hz, aromatics), 7.37 (4H, d, J =  7 .8Hz, 
aromatics), 7.33 (2H, s, olefin), 2.48 (4H, septet, J  -  6.4Hz, CH isopropyl), 1.19 
(12H, d, J  -  6.4Hz, CH3. isopropyl), 1.08 (12H, d, J  -  6.4Hz, CH3 isopropyl), -1.32 
(6 H, s, InMe2)




Elemental Analysis: Calcd (%) for C29H42CII11N 2 : C, 61.22; H, 7.44; N, 4.92; Found:
C, 60.6; H, 7.36; N, 4.75
Me2BrIn(iM es), (9): InMe3 (50 mg, 0.31 mmol) and (iMes)Br (110 mg, 0.29 mmol) 
were stirred in 15 ml toluene at ambient temperature overnight. The solvent volume 
was reduced to half volume and the solution stored at 277K overnight to yield a batch 
of clear and colourless crystals. The crystals were removed and the remaining solution 
was returned to a temperature of 277K for further recrystallisation. This was repeated 
3 times (or until no further crystals were formed) (113 mg, 0.21 mmol)
Yield: 75%.
8 'H  (298K, C6D6): 6.73 (4H, s. aromatic), 5.99 (2H, s, olefin), 2.08 (6 H, s, Me), 2.04 
(12H, s, Me), -0.44 (6 H, s, In-Me)
8 13C{'H} (298K, C 6D6): 177.9, 140.6, 136.1, 135.4, 130.3, 123.7, 21.7, 18.6, - 
6.6
Elemental Analysis: Calcd (%) for C23H30BrInN2: C, 52.20; H, 5.71; N, 5.29 Found 
C, 51.8; H, 5.72; N, 5.57
Me2ClIn(iM esH 2), (10): InMe3 (52 mg, 0.325 mmol) and (iMesH2)Cl (100 mg, 0.29 
mmol) were stirred in 5 ml toluene at ambient temperature overnight. The solvent 
volume was reduced to half volume the solution was stored at 277K overnight to yield 
a batch o f clear and colourless crystals. (15 mg, 0.03 mmol)
Yield: 9 %.
5!H (298K, C6D6): 6.74 (4H, s, aromatics), 2.98 (4H, s, saturated backbone), 2.24 
(6 H, s,p-M e), 2.07 (12H, s, o-Me), -0.58 (6 H, s, InMe2)
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Elemental Analysis: Calcd (%) for C23H32CII11N2 : C, 56.75; H, 6.63; N, 5.75 Found
C, 56.87; H, 6.70; N, 5.66
Me3ln(iMes), (11): InMe3 (209 mg, 1.31 mmol) and free (iMes) (400 mg, 1.31 mmol) 
were stirred in 15 ml toluene at ambient temperature overnight. The solvent was 
removed in vacuo. The compound was recrystallised from miniumum Et2 0  and stored 
at 253K overnight to yield a batch of clear and colourless crystals. The crystals were 
removed and the remaining solution was returned to a temperature of 253K for further 
recrystallisation. This was repeated 3 times (or until no further crystals were formed) 
(438 mg, 0.94 mmol).
Yield: 72%.
Alternative synthetic route: A Schlenk was charged with InCh (200 mg, 0.90 
mmol). THF (15 ml) was added via cannula and the mixture was stirred at 195K. 1.6 
M MeLi in ether (1.7 ml, 2.72 mmol) was added via syringe and the mixture was 
stirred at 195K for lh r and then allowed to warm to ambient temperature. The cloudy 
solution was added via cannula directly to a Schlenk charged with free (iMes) (277 
mg, 0.90 mmol) and this was stirred for a further hour to leave a brown liquid/brown 
precipitate. The mixture was filtered and the filtrate dried in vacuo, taken in Et2 0  and 
filtered again. This second brown filtrate volume was reduced and stored at 253K 
overnight to yield a batch of colourless crystals. This was repeated 3 times (or until no 
further crystals were formed) (248mg, 0.53mmol).
Yield: 59%
S1!! (298K, CD2CI2): 7.12 (2H, s, olefin), 7.05 (4H, s, aromatic), 2.38 (6 H, s, Me),
2.08 (12H, s, Me), -1.26 (9H In-Me)
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(298K, C6D6): 6.77 (4H, s, aromatic), 6.04 (2H, s, olefin), 2.10 (6 H, s, Me), 1.99 
(12H, s, Me), -0.53 (9H In-Me)
5!H (298K, toluene-d8): 6.74 (4H, s, aromatic), 6.10 (2H, s, olefin), 2.10 (6 H, s, 
Me), 1.98 (12H, s, Me), -0.68 (9H In-Me)
513C{1H }(298K ,C D 2C12): 183.0, 139.8, 135.9, 135.8, 129.5, 123.7, 21.4, 17.9, - 
11.8
S13C{!H} (298K, C 6D6): 184.8, 140.0, 136.2, 136.0, 130.1, 123.2, 21.7, 18.3, -
10.3
513C{1H} (298K, C6D6): 184.8, 139.7, 136.0, 135.7, 129.8, 122.9, 21.4, 18.0, -
10.5
Elemental Analysis: Calcd (%) for C24H33I11N2: C, 62.08; H, 7.16; N, 6.03 Found: C, 
61.8; H, 7.05; N, 6.00
MesInCCNOPiOQlvWPr), (12): InMe3 (200 mg, 1.25 mmol) and (CN(iPr)C2Me2iPr) 
(225 mg, 1.25 mmol) were stirred in 10 ml toluene at ambient temperature overnight. 
The solvent was removed in vacuo to yield a white crystalline solid. Attempts to grow 
crystals suitable for X-ray diffraction were unsuccessful (383 mg, 1.125 mmol).
Yield: 90 %
5‘H (298K, C 6D6): 5.15 (2H, septet, J = 7.1Hz, CHls()propyi), 1.56 (6 H, s, Me), 1.09 
(12H, d, J = 7.1Hz, CHjisopropyi), 0.02 (9H, s, In-Me)
6 13C{'H} (298K, C 6D6): 180.1, 126.0, 53.3, 22.6, 10.6, -5.6
Elem ental Analysis: Calcd (%) for C 1 4 H 2 9 I 1 1 N 2 :  C, 49.43; H, 8.59; N, 8.23 Found: C,
49.21; H, 8.47; N, 8.15
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Me2(OTf)In(iMes), (13): A Young’s tube was charged with Me2ClIn(iMes) (50 mg, 
0.11 mmol) and CH2CI2 (5ml) added via cannula. TMS(OTf) (20 pi, 0.11 mmol) was 
added via syringe at ambient temperature. The reaction mixture was stirred for 5 
minutes. The solvent was removed in vacuo to yield a white solid. The compound was 
recrystallised from CH2CI2 and hexane and stored at 253K overnight to yield a batch 
o f clear and colourless crystals (41 mg, 0.069 mmol).
Yield: 58 %
A lternative synthetic route: A Young’s tube was charged with Me3ln(iMes) (50 mg, 
0.11 mmol) and CH2CI2 (5 ml) was added via cannula. H(OTf) (9.5 pi, 0.11 mmol) 
was added via syringe at ambient temperature. The reaction mixture was stirred for 5 
minutes. The solvent volume was reduced in vacuo and layered with hexane and 
stored at 253K overnight to yield a crop of clear and colourless crystals. (35 mg, 0.06 
mmol)
Yield: 55 %
8 'H  (298K, CD2CI2): 7.28 (2H, s, olefin), 7.08 (4H, s, aromatic), 2.38 (6 H, s, CH3),
2.09 (12H, s, CH3), -0.83 (6 H, s, In-CH3)
8 13C{1H} (298K, CD2CI2): 176.2, 141.0, 135.7, 134.4, 130.0, 124.9, 120.1 
(319Hz, q ,C F 3), 21.4, 17.6, -7.1 
SI9F (298K, CD2CI2): -78.7
Elem ental Analysis: Calcd (%) for C24H3oF3InN2 0 3S C H 2Cl2: C, 43.94; H, 4.72; N,
4.10 Found C, 43.74; H, 4.58; N, 4.03
M e(OTf)2ln(iM es), (14): A Young’s tube was charged with Me2ClIn(iMes) (50 mg, 
0.10 mmol) and CH2CI2 (5 ml) was added via cannula. TMS(OTf) (19 pi, 0.10 mmol) 
was added via syringe at ambient temperature and the reaction mixture was stirred for
190
Chapter 5
5 minutes. H(OTf) (9 pi, 0.10 mmol) was then added via syringe. Gas evolution was 
observed and the reaction mixture was stirred for a further 5 minutes. Solvent was 
removed in vacuo to yield a white solid. The compound was recrystallised from 
CH2CI2 and hexane and stored at 253K overnight to yield a batch of clear and 
colourless crystals (49 mg, 0.067 mmol)
Yield: 65 %
Alternative synthetic route: A Young’s tube was charged with Me3ln(iMes) (50 mg, 
0.11 mmol) and CH2CI2 (5 ml) was added via cannula. H(OTf) (19 pi, 0.22 mmol) 
was added via syringe at ambient temperature. The reaction mixture was stirred for 5 
minutes. The solvent volume was reduced in vacuo and layered with hexane and 
stored at 253K overnight to yield a crop of clear and colourless crystals. (47 mg, 
0.065 mmol)
Yield: 60%
8 'H  (298K, CD2CI2): 7.39 (2H, s, olefin), 7.10 (4H, s, aromatic), 2.39 (6 H, s, CH3),
2.13 (12H, s, CH3), -0.41 (3H, s, In-CH3)
8 13C{‘H} (298K, CD2CI2): 168.7, 142.1, 135.6, 132.8, 130.4, 126.3, 119.3 
(318Hz, q ,C F 3), 21.4,17.7,-5.0 
8 ,9F  (298K, CD2CI2): -77.8
Elem ental Analysis: Calcd (%) for C24H27F6I11N 2O6S2 CH2CI2: C, 39.36; H, 3.72; N, 
3.82 Found: C, 39.20; H, 4.04; N, 3.79
M e2(NTf2)In(iMes), (15): A Young’s tube was charged with Me3ln(iMes) (50 mg, 
0.11 mmol) and H(NTf2) (30 mg, 0.11 mmol). CH2CI2 (5 ml) was added via cannula 
and the reaction mixture was stirred for 10 minutes releasing methane gas. The
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solution was layered with hexane and stored at 253K overnight to yield a batch of 
clear and colourless crystals ( 6 6  mg, 0.091 mmol)
Yield: 85 %
8 1H (298K, CD2CI2): 7.30 (2H, s, olefin), 7.09 (4H, s, aromatic), 2.38 (6 H, s, CH3),
2.09 (12H, s, CH3), -0.72 (6 H, s, In-CH3)
513C{1H} (298K, CD2CI2): 175.5, 141.3, 135.5, 134.1, 130.1, 125.2, 119.9 
(321Hz, q, CF3), 21.4, 17.6, -5.7 
8 19F (298K, CD2C12): -79.0
Elem ental Analysis: Calcd (%) for C25H3oF6InN30 4 S2: C, 41.16; H, 4.15; N, 5.76 
Found: C, 40.90; H, 4.23; N, 5.66
Me(NTf2)2In(iMes), (16): A Young’s tube was charged with Me3In(iMes) (50 mg, 
0.11 mmol) and H(NTf2) (60 mg, 0.22 mmol). CH2C12 (5 ml) was added via cannula 
and the reaction mixture was stirred for 10 minutes releasing methane gas. The 
solution was layered with hexane and stored at 253K overnight to yield a batch of 
clear and colourless crystals (90 mg, 0.090 mmol)
Yield: 84 %
8 !H (298K, CD2C12): 7.53 (2H, s, olefin), 7.15 (4H, s, aromatic), 2.40 (6 H, s, CH3),
2.14 (12H, s, CH3), -0.04 (3H, s, In-CH3);
S 'H  (298K, CD3NO2): 7.88 (2H, s, olefin), 7.24 (4H, s, aromatic), 2.42 (6 H, s, CH3),
2.20 (12H, s, CH3), 0.07 (3H, s, In-CH3);
513C{‘H} (298K, CD2C12): 166.8, 142.9, 135.4, 132.0, 130.8, 126.6, 119.4 
(320Hz, q, CF3), 21.4,17.6, -3.1;
8 19F (298K, CD2C12): -78.6
Elem ental Analysis: Calcd (%) for C ^ H ^ F n ln N ^ S ^  C, 31.40; H, 2.74; N, 5.63 
Found: C, 31.20; H, 2.76; N, 5.56
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Me2(CH3CO O)2ln(iM es), (17): A Young’s tube was charged with Me3ln(iMes) (100 
mg, 0.215 mmol) and acetic acid (25 pi, 0.43 mmol). CH2CI2 (5 ml) was added via 
cannula and the reaction mixture was stirred for 2 0  minutes releasing methane gas. 
The solution was layered with hexane and stored at 253K for several days to yield a 
batch of clear and colourless crystals (8 8  mg, 0.16 mmol)
Yield: 72 %
8 !H (298K, CD2CI2): 9.94 (1H, t, J=  1.4Hz, (iMesH)) 7.65 (2H, d, J=  1.4Hz, olefin),
7.11 (4H, s, aromatic), 2.39 (6 H, s, CH3), 2.16 (12H, s, CH3), 1.57 (6 H, s, C 0 2CH3), 
-0.60 (6 H, s, In-CH3)
5JH (298K, CD3NO 2): 7.83 (2H, s, olefm) 7.19 (4H, s, aromatic), 2.40 (6 H, s, CH3),
2.21 (12H, s, CH3), 1.69 (6 H, s, C 0 2CH3), -0.52 (6 H, s, In-CH3)
(75.5MHz, CD2CI2): 178.0, 142.3, 139.9, 134.7, 131.1, 130.5, 125.3,
23.1, 21.4, 17.8,-5.8
Elem ental Analysis: Calcd (%) for C27H39lnN2 0 4 : C, 56.85; H, 6.89; N, 4.91 Found: 
C, 57.0; H, 6.49; N, 4.96
(iMesH)NTf2, (18): A Schlenk was charged with Li(NTf2) (200 mg, 0.70 mmol) and 
(iMes)Cl (237 mg, 0.70 mmol). CH2CI2 (5 ml) was added via cannula and the reaction 
mixture was stirred for 24 hours resulting in LiCl precipitation. The solution was 
separated by cannula filtration and the solvent was removed in vacuo to yield pale 
yellow crystals (358 mg, 0.60 mmol)
Yield: 87 %
8 ’H (298K, CD3NO 2): 8.78 (1H, t, J  = M H z, (iMesHl), 7.81 (2H, d , J  = M Hz, 
olefin), 7.20 (4H, s, aromatic), 2.41 (6 H, s, CH3), 2.22 (12H, s, CH3)
193
Chapter 5
S^C ^H } (75.5MHz, CD3NO2): 143.3, 138.3, 136.1, 132.1, 131.0, 126.5, 121.3 
(321 Hz, q, C F 3) ,  21.2, 17.5
Elemental Analysis: Calcd (%) for C23H25N 3O4S2F6: C, 47.17; H, 4.30; N, 7.18 
Found: C, 47.7; H, 4.40; N, 7.22
5.2.3 Reaction M onitoring Experim ents
5.2.3.1 G eneral Procedure for The M onitoring of The Reaction between Anisole 
and Acetic Anhydride
5 mg of compound (16) (5 mol%, 5.0 pmol) was dissolved in 0 .8  ml CD3NO2 in a 
Young’s NMR tube. To this solution, 11 pi o f anisole (100 mol%, 0.10 mmol) was 
added. The NMR spectrometer probe was then heated to 50°C and a NMR 
spectrum of the sample acquired. 14pl o f acetic anhydride (150 mol%, 1.51 mmol) 
was then added. The Young’s NMR tube was then shaken and returned to the NMR 
spectrometer probe. Measurements were then taken at timed intervals. The 
disappearance o f the peaks centred at 8  = 7.31 (2H), 6.97 (1H), 6.95 (2H), 3.83 (3H) 
due to anisole were monitored along with the growth o f the peaks centred at 8  = 7.97 
(2H), 7.03 (2H), 3.91 (3H), 2.55(3H) due to 4-methxoyacetophenone. The ratio of 
anisole to 4-methoxyacetophenone was calculated by integration of the 2H resonance 
of the 4-methoxyacetophenone product at 7.97 ppm and o f the 2H resonance o f the 
anisole at 7.31 ppm. This allowed the product conversion to be readily determined in 
each spectrum. This technique was also used for the acylation of anisole where 
5mol% ofIn(OTf)3, H(OTf), HfNTfz) and (14) were used to catalyse the reaction.
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5.2.3.2 General Procedure for the Monitoring of the Reaction between Other 
Organic Substrates and Acetic Anhydride Catalysed by (16)
The same procedure was used as previously for the different organic substrates. The 
ratio of product : starting material was determined in the same manner as above but 
was dependent on the chemical shifts of the resonances o f the substrate and the 
product. Table 1 shows the chosen resonances used to calculate the percentage 
product conversion for each substrate and its acylated product.
NMR chemical shift (8 ) of resonances in C D 3 N O 2  
used for percentage product conversion calculations
Substrate Starting Material Product
furan 6.45 (2H) 6.64 (1H)
phenol 7.24 (2H 7.43 (2H)
aniline 7.13 (2H) 7.33 (2H)
2,3-dimethylanisole 7.03 (1H) 7.61 (1H)
veratrole 6.94 (4H) 7.54 (1H)
anisole 7.31 (2H) 7.97 (2H)
1,4-benzodioxane 6.84 (4H) 7.50 (2H)
mesitylene 6.81 (3H) 6.89 (2H)
T ab le 1 : The chem ical shifts o f  a chosen resonance from both the substrate and the product used for
percentage product conversion calculations
5.2.3.3 Studies of the Acylation of Anisole in the Presence of Hindered Base
5 mg of compound (16) (5 mol%, 5.0 pmol) was dissolved in 0 .8  ml CD3NO2 in a 
Young’s NMR tube. To this solution was added 1.2 pi 2,6-di-tert-butylpyridine (5 
mol%, 5.0 pmol). The Young’s NMR tube was shaken and 11 pi o f anisole (100 
mol%, 0.10 mmol) was added. The NMR spectrometer probe was then heated to 50°C 
and a NMR spectrum of the sample acquired. 14 pi o f acetic anhydride (150
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mol%, 1.51 mmol) was then added. The Young’s NMR tube was then shaken and 
returned to the NMR spectrometer probe. Measurements were then taken at timed 
intervals. No product was observed.
5.2.3.4 Studies of the Acylation of Anisole Using a Statistical Mixture (1:1:1:1) 
of (16): Hindered base : Anisole : Acetic anhydride
46 mg o f compound (16) ( 1 0 0  mol%, 46 pmol) was dissolved in 0 .8  ml CD3NO2 in a
Young’s NMR tube. To this solution was added 10.5 pi 2,6-di-tert-butylpyridine
(100mol%, 46 pmol). The Young’s NMR tube was shaken and 5.5 pi o f anisole
(100mol%, 46 pmol) was added. The NMR spectrometer probe was then heated to
50°C and a NMR spectrum of the sample acquired. 7 pi o f acetic anhydride
(100mol%, 46 pmol) was then added. The Young’s NMR tube was then shaken and
returned to the NMR spectrometer probe. Measurements were then taken at timed
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Crystal Data and Structure Refinement Tables for all Compounds
Appendix A
Table 1 : Crystal data and structure refinement for compound (1)
Identification code compound (1)






Unit cell dimensions a = 16.9940(2)A a = 90°
b = 8.60500(10)A P = 106.0840(10)°
c =  19.1720(2)A y = 90°
Volume 2693.84(5) A3
Z 4
Calculated density 1.574 Mg/m3
Absorption coefficient 1.735 mm ' 1
F(000) 1280
Crystal size 0.25 x 0.25 x 0.20 mm
Theta range for data collection 3.69 to 30.03°
Limiting indices -23<=h<=23, -1 l<=k<=12, -24<=1<=26
Reflections collected 25524
Independent reflections 3904 [R(int) = 0.0329]
Completeness to theta 30.03 99.1 %
Max. and min. transmission 0.7229 and 0.6709
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 3 9 0 4 /0 /  148
Goodness-of-fit on F 1.075
Final R indices [I>2c(I)] Ri = 0.0215, wR2 = 0.0470
R indices (all data) Ri = 0.0232, wR2 = 0.0479
Extinction coefficient 0.00166(12)
Largest diff. peak and hole 1.060 and -1.136 e.A'3
Appendix A
Table 2 : Crystal data and structure refinement for compound (2)
Identification code compound (2)





Space group P T
Unit cell dimensions a = 9.86100(10)A a = 91.61°
b = 9.95100(10)A P = 92.0750(10)°
c = 18.2430(2)A y = 109.5650(10)°
Volume 1684.12(3)A3
Z 4
Calculated density 1.503 Mg/m3
Absorption coefficient 1.402 m m '1
F(000) 768
Crystal size 0.33 x 0.13 x 0.13 mm
Theta range for data collection 3.57 to 30.06°
Limiting indices -13<=h<=13, -14<=k<=14, -25<=1<=25
Reflections collected 33364
Independent reflections 9731 [R(int) = 0.0406]
Completeness to theta 30.06 98.7 %
Max. and min. transmission 0.8388 and 0.6548
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9731 / 0 / 3 8 5
Goodness-of-fit on F 1.057
Final R indices [I>2a(I)] Ri = 0.0275, w R 2 = 0.0644
R indices (all data) R i=  0.0350, wR2 = 0.0681
Extinction coefficient 0.0071(4)
Largest diff. peak and hole 1.059 a n d -1.068 e.A'3
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Table 3 : Crystal data and structure refinement for compound (3)
Identification code compound (3)





Space group P I
Unit cell dimensions a = 6.9360(3)A a  = 91.433(2)°
b = 8.1140(4)A p = 102.447(2)°
c = 11.3220(5)A y = 99.738(2)°
Volume 611.99(5)A3
Z 2
Calculated density 1.661 Mg/m3
Absorption coefficient 1.909 mm ' 1
F(000) 304
Crystal size 0.50 x 0.38 x 0.15 mm
Theta range for data collection 3.62 to 30.08°
Limiting indices -9<=h<=9, -1 l<=k<=l 1, -15<=1<=15
Reflections collected 8318
Independent reflections 3436 [R(int) = 0.0806]
Completeness to theta 30.08 95.2 %
Max. and min. transmission 0.7627 and 0.4486
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3436/ Q / 137
Goodness-of-fit on F 1.146
Final R indices [I>2a(I)] Ri = 0.0908, w R 2 = 0.2699
R indices (all data) Ri = 0.0971, wR2 = 0.2745
Extinction coefficient 0.15(2)
Largest diff. peak and hole 5.513 an d -2.160 e.A'3
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Table 4 : Crystal data and structure refinement for compound (5)
Identification code compound (5)





Space group P T
Unit cell dimensions a = 10.7770(2)A alpha = 67.4680(10)°
b = 14.8210(2)A beta = 88.2390(10)°
c = 15.4900(3)A gamma = 74.3970(10)°
Volume 2193.79(7) A 3
Z 2
Calculated density 1.484 Mg/m3
Absorption coefficient 1.329 mm ' 1
F(000) 996
Crystal size 0.40 x 0.30 x 0.15 mm
Theta range for data collection 3.60 to 27.50°
Limiting indices -13<=h<= 13, -19<=k<=19, -2 0 <=1< = 20
Reflections collected 37024
Independent reflections 9946 [R(int) = 0.0368]
Completeness to theta 27.50 99.0 %
Max. and min. transmission 0.8255 and 0.6184
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9946 / 0 / 473
Goodness-of-fit on F2 1.125
Final R indices [I>2a(I)] Ri = 0.0309, w R 2 = 0.0734
R indices (all data) Ri = 0.0413, w R 2 = 0.0770
Largest diff. peak and hole 0.852 a n d -0.913 e.A'3
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Table 5 : Crystal data and structure refinement for compound (6)
Identification code compound (6 )





Space group P 2 i/n
Unit cell dimensions a = 10.15300(10)A a  = 90°
b = 27.4410(4)A p = 98.0750(10)°
c = 11.5030(2)A y = 90°
Volume 3173.06(8) A3
Z 4
Calculated density 1.191 Mg/m3
Absorption coefficient 0.151 mm ' 1
F(000) 1216
Crystal size 0.65 x 0.45 x 0.10 mm
Theta range for data collection 2.91 to 30.03°
Limiting indices -14<=h<=14, -38<=k<=38, -16<=1<=16
Reflections collected 38501
Independent reflections 9105 [R(int) = 0.0532]
Completeness to theta 30.03 98.1 %
Max. and min. transmission 0.9851 and 0.9084
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 9 1 0 5 / 0 / 3 5 2
Goodness-of-fit on F2 1.038
Final R indices [I>2o(I)] Ri = 0.0471, wR2 = 0.1189
R indices (all data) Ri =0.0710, wR2 = 0.1316
Largest diff. peak and hole 0.294 and -0.325 e.A '3
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Table 6 : Crystal data and structure refinement for compound (7)
Identification code compound (7)






Unit cell dimensions a = 8.2890(1)A a = 68.725(1)°
b =  11.0870(l)A p = 86.534(1)°
c =  13.6710(2)A y = 75.138(l)°
Volume 1130.84(2) A3
Z 2
Density (calculated) 1.424 Mg/m3
Absorption coefficient 1.173 mm ' 1
F(000) 496
Crystal size 0.13 x 0.10 x 0.10 mm
Theta range for data collection 4.00 to 27.66°
Index ranges - 10<=h<= 10; -14<=k<= 14; -17<=1<=17
Reflections collected 16860
Independent reflections 5183 [R(int) = 0.0450]
Reflections observed (>2a) 4708
Data Completeness 0.982
Absorption correction None
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5183 / 0 / 2 5 3
•j
Goodness-of-fit on F 1.067
Final R indices [I>2a(I)] R ‘ = 0.0279 wR2 = 0.0651
R indices (all data) R 1 = 0.0349 w R 2 = 0.0685
Largest diff. peak and hole 0.860 a n d - 1 .1 0 1  eA’3
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Table 7 : Crystal data and structure refinement for compound (8)
Identification code compound (8 )





Space group P 2 j/a
Unit cell dimensions a = 16.86500(10)A a = 90°
b = 19.5420(2)A P = 109.3930(4)°
c =  19.0080(2)A y = 90°
Volume 5909.14(9)A3
Z 8
Calculated density 1.279 Mg/m3
Absorption coefficient 0.908 mm ' 1
F(000) 2368
Crystal size 0.38 x 0.25 x 0.05 mm
Theta range for data collection 3.56 to 30.03°
Limiting indices -23<=h<=23, -27<=k<=26, -26<=1<=26
Reflections collected 130040
Independent reflections 17218 [R(int) = 0.0717]
Completeness to theta 30.03 99.6 %
Max. and min. transmission 0.9560 and 0.7241
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1 7 2 1 8 /0 /5 9 5
Goodness-of-fit on F2 1.036
Final R indices [I>2a(I)] R1 =0.0475, wR2 = 0.1111
R indices (all data) R1 =0.0880, wR2 = 0.1269
Largest d iff peak and hole 1.594 a n d -1.708 e.A '3
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Table 8 : Crystal data and structure refinement for compound (9)
Identification code compound (9)





Space group P 2 i/c
Unit cell dimensions a = 8.27500(10)A a = 90°
b = 15.3940(2)A p = 92.9630(10)°
c =  18.6610(2)A y = 90°
Volume 2373.96(5) A 3
Z 4
Calculated density 1.481 Mg/m3
Absorption coefficient 2 .6 8 8  mm ' 1
F(000) 1064
Crystal size 0.25 x 0.25 x 0.20 mm
Theta range for data collection 4.20 to 36.30°
Limiting indices -13<=h<=13, -25<=k<=25, -30<=1<=31
Reflections collected 48626
Independent reflections 11434 [R(int) = 0.0427]
Completeness to theta 36.30 99.6 %
Max. and min. transmission 0.6155 and 0.5530
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1 1 4 3 4 /0 /2 5 3
Goodness-of-fit on F 1 .0 1 2
Final R indices [I>2o(I)] Ri = 0.0322, wR2 = 0.0753
R indices (all data) Ri = 0.0520, wR2 = 0.0827
Extinction coefficient 0.0058(3)
Largest d iff peak and hole 1.034 a n d -1.366 e.A'3
Appendix A
Table 9 : Crystal data and structure refinement for compound (10)
Identification code compound (1 0 )





Space group P I
Unit cell dimensions a = 8.3090(1)A a = 67.424(1)°
b = 11.3720(2)A P = 84.481(1)°
c = 13.7910(2)A y = 71.647(l)°
Volume 1141.60(3) A3
Z 2
Calculated density 1.416 Mg/m3
Absorption coefficient 1.162 mm ' 1
F(000) 500
Crystal size 0.30 x 0.25 x 0.15 mm
Theta range for data collection 3.73 to 36.30°
Limiting indices -13<=h<=13, -18<=k<=l 8 , -2 2 <=1< = 22
Reflections collected 30396
Independent reflections 10733 [R(int) = 0.0547]
Completeness to theta 36.30 97.2 %
Max. and min. transmission 0.8450 and 0.7219
Refinement method
"y
Full-matrix least-squares on F
Data / restraints / parameters 1 0 7 3 3 /0 /2 4 4
Goodness-of-fit on F2 1.051
Final R indices [I>2a(I)] R i=  0.0404, wR2 = 0.1085
R indices (all data) Ri = 0.0468, wR2 = 0.1133
Largest diff. peak and hole 0.994 a n d -1.793 e.A'3
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Table 10 : Crystal data and structure refinement for compound (11)
Identification code compound (1 1 )





Space group P c 2i n (nonstandard setting of P n a 2i)
Unit cell dimensions a = 8.21300(10)A a = 90°
b =  12.32300(10)A p = 90°
c = 23.1350(2)A y = 90°
Volume 2341.47(4) A 3
Z 4
Calculated density 1.317 Mg/m3
Absorption coefficient 1.019 mm ' 1
F(000) 960
Crystal size 0.68 x 0.38 x 0.10 mm
Theta range for data collection 3.46 to 27.54°
Limiting indices -10<=h<=10, -15<=k<=15, -30<=1<=30
Reflections collected 32572
Independent reflections 2797 [R(int) = 0.0338]
Completeness to theta 27.54 99.1 %
Max. and min. transmission 0.9049 and 0.5441
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 2 7 9 7 / 0 /  163
Goodness-of-fit on F2 1.110
Final R indices [I>2a(I)] Ri = 0.0205, w R 2 = 0.0522
R indices (all data) Ri =0.0221, wR2 = 0.0533
Largest diff. peak and hole 0.459 and -0.454 e.A'3
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Table 11 : Crystal data and structure refinement for compound (13)
Identification code compound (13)





Space group P 2 i/c
Unit cell dimensions a = 9.06100(10)A a = 90°
b = 22.3800(3)A p = 100.9230(10)°
c =  14.7900(2)A y = 90°
Volume 2944.86(6)A3
Z 4
Calculated density 1.541 Mg/m3
Absorption coefficient 1 .1 0 2  mm’1
F(000) 1384
Crystal size 0.50 x 0.15 x 0.08 mm
Theta range for data collection 3.07 to 27.38°
Limiting indices -11  <=h<= 1 1 , -28<=k<=28, -19<=1<=19
Reflections collected 49531
Independent reflections 6651 [R(int) = 0.0596]
Completeness to theta 27.38 99.5 %
Max. and min. transmission 0.9170 and 0.6087
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6651 / 0 / 3 4 2
Goodness-of-fit on F2 1.038
Final R indices [I>2o(I)] Ri = 0.0302, w R 2 = 0.0709
R indices (all data) Ri = 0.0466, w R 2 = 0.0784
Largest diffi peak and hole 0.433 and -0.655 e.A’3
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Table 12 : Crystal data and structure refinement for compound (14)
Identification code compound (14)





Space group P I
Unit cell dimensions a = 9.42300(10)A a = 85.3780(10)°
b = 12.5040(2)A P = 83.6180(10)°
c = 14.5090(2)A y = 83.1720(10)°
Volume 1682.95(4)A3
Z 2
Calculated density 1.613 Mg/m3
Absorption coefficient 1.058 mm*1
F(000) 820
Crystal size 0.25 x 0.25 x 0.25 mm
Theta range for data collection 3.49 to 30.09°
Limiting indices -13<=h<=13, -17<=k<=17, -20<=1<=20
Reflections collected 30330
Independent reflections 9809 [R(int) = 0.0340]
Completeness to theta 30.09 99.1 %
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 9809/ 12/465
Goodness-of-fit on F2 1.032
Final R indices [I>2o(I)] Ri = 0.0277, wR2 = 0,0638
R indices (all data) R! =0.0345, wR2 = 0.0671
Largest d iff peak and hole 0.394 and -0.548 e.A'3
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Table 13 : Crystal data and structure refinement for compound (15)
Identification code compound (15)





Space group P 2i 2j 2i
Unit cell dimensions a = 11.6000(2)A a  = 90°
b = 12.8070(2)A P = 90°
c = 21.3390(2)A y = 90°
Volume 3170.15(8)A3
Z 4
Calculated density 1.528 Mg/m3
Absorption coefficient 0.946 mm ' 1
F(000) 1472
Crystal size 0.88 x 0.32 x 0.22 mm
Theta range for data collection 3.32 to 27.50°
Limiting indices -15<=h<=15, -16<=k<=16, -27<=1<=27
Reflections collected 23215
Independent reflections 6595 [R(int) = 0.0667]
Completeness to theta 27.50 94.5 %
Max. and min. transmission 0.8189 and 0.4898
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6 5 9 5 / 0 / 3 7 8
Goodness-of-fit on F2 1.048
Final R indices [I>2o(I)] Ri = 0.0354, wR2= 0.0950
R indices (all data) Ri= 0.0371, wR2 = 0.0963
Absolute structure parameter -0 .0 2 (2 )
Largest diff. peak and hole 1.498 a n d -1.277 e.A'3
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Table 14 : Crystal data and structure refinement for compound (16)
Identification code compound (16)





Space group P 2 i/n
Unit cell dimensions a = 15.4880(2) A a  = 90°
b = 15.7670(2) A P = 108.1890(10)°
c =  16.3360(2) A y = 90°
Volume 3789.90(8)A3
Z 4
Calculated density 1.729 Mg/m3
Absorption coefficient 0.948 mm ' 1
F(000) 1968
Crystal size 0.63 x 0.50 x 0.25 mm
Theta range for data collection 3.64 to 27.48°
Limiting indices -2 0 <=h<=2 0 , -2 0 <=k<=2 0 , -2 0 <=1<=21
Reflections collected 59467
Independent reflections 8639 [R(int) = 0.0612]
Completeness to theta 27.48 99.4 %
Max. and min. transmission 0.7976 and 0.5866
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 8639 / 0 / 5 0 3
Goodness-of-fit on F2 1.056
Final R indices [I>2o(I)] Ri = 0.0318, wR2 = 0.0757
R indices (all data) Ri =0.0419, wR2 = 0.0822
Largest d iff peak and hole 0.846 and -1.105 e.A '3
xv
Appendix A
Table 15 : Crystal data and structure refinement for compound (17)
Identification code compound (17)





Space group ?2i /n
Unit cell dimensions a = 11.41000( 10)A a = 90°
b = 17.7920(2)A p =  108.94°
c =  14.99200(10)A y = 90°
Volume 2878.75(5)A3
Z 4
Calculated density 1.311 Mg/m3
Absorption coefficient 0.852 mm*1
F(000) 1176
Crystal size 0.40 x 0.22 x 0.15 mm
Theta range for data collection 2.97 to 27.51°
Limiting indices -14<=h<=14, -22<=k<=23, -19<=1<=19
Reflections collected 41476
Independent reflections 6575 [R(int) = 0.0316]
Completeness to theta 27.51 99.2%
Max. and min. transmission 0.8828 and 0.7268
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6 5 7 5 / 0 / 3 1 7
Goodness-of-fit on F2 1.056
Final R indices [I>2o(I)] Ri = 0.0220, wR2 = 0.0590
R indices (all data) Ri = 0.0266, wR2 = 0.0619
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Silver Phosphanes Partnered with Carborane Monoanions: 
Synthesis, Structures and Use as Highly Active Lewis Acid Catalysts 
in a H etero-D iels-A lder Reaction
N athan  J. Patm ore, C atherine H ague, Jam ie H. Cotgreave, M ary F. M ahon, 
C hristopher G. Frost,* and A ndrew  S. W eller*[al
A b stract: Four L ew is acid ic silver  
p h osp h a n e  co m p lexes partnered  with  
[I-c /o jo -C B u H ^ ]"  and [1 -closo-
C B n H 6Br6]~ have been  syn th esised  and  
stu d ied  by so lu tion  N M R  and so lid -sta te  
X -ray  diffraction techn iques. In the 
co m p lex  [A g (P P h 3) (C B „ H l2)]  (1 ), the  
silv er  is coord inated  w ith the carborane  
by tw o  stronger 3 c - 2 e  B - H - A g  bonds, 
o n e  w eak er B - H - A g  in teraction  and a 
very  w eak  Ag***Carene con tact in the  
so lid  state. In so lu tion , the carborane  
rem ains c lo se ly  con n ected  w ith the  
(A g (P P h 3)}+ fragm ent, as ev id en ced  
by n B chem ical shifts. C om p lex  2 
[A g (P P h 3)2(C B ,,H 12)]2 ad op ts a d im eric  
m o tif  in the so lid  state, each  carborane  
bridging tw o A g  centres. In so lu tion  at 
low  tem perature, tw o d istinct com p lex es
are ob served  that are su ggested  to be  
m on o m eric  [A g (P P h 3)2][C B n H 12] and  
dim eric [A g (P P h 3)2(C B n H 12)]2. W ith  
the m ore w eak ly  coord inating anion  
[C B n H 6Br6]“ and o n e  phosphane, co m ­
p lex  3 [A g (P P h 3) (C B u H 6B r6)] is iso ­
la ted . C om p lex  4, [A g (P P h 3)2-
(C B n H 6Br6) ] ,  has been  characterised  
spectroscop ically . A ll o f the co m p lex es  
have b een  assessed  as L ew is acids in the  
h e te r o -D ie ls -A ld e r  reaction  o f  M -ben- 
zy lid en ea n ilin e  w ith  D a n ish efsk y ’s di- 
en e. E xcep tion a lly  low  catalyst load in gs  
for this L ew is acid catalysed  reaction  are
K eyw ords: carboranes • cluster 
compounds • cycloaddition 
homogeneous catalysis • silver
required  (0.1 m o l% ) cou p led  w ith turn­
over freq u en cies o f  4000 h"1 (quantita­
tive con versio n  to  product after 15 m in­
utes using 3  at room  tem perature). 
M oreo v er , the reaction d o es  not occur  
in rigorou sly  dry so lvent as addition o f  a 
su b sto ich iom etr ic  am ount o f w ater  
(5 0 m o l% )  is necessary for turnover o f  
the catalyst. It is suggested  that a Lew is 
assisted  B rpnsted  acid is form ed b e­
tw een  the w ater and the silver. T he  
effe ct o f  changing the cou n terion  to  
[B F 4] - ,  [O T f]- and [CIO,]" has also  
b een  stu d ied . S ignificant d ecreases in 
reaction  rate and final product yield  are 
ob served  on  changing the an ion  from  
[C B n H 6B r6] _ , thus d em onstrating the 
utility  o f  w eak ly  coord inating carborane  
an ions in organ ic synthesis.
In trod u ction
M o n o a n io n ic  carborane an ions based  around [c /050- l -  
C B n H i2]_ (A , see  S ch em e 1) are am ong the m ost inert and 
least coord in atin g  an ion s currently known.*121 T he high 
ch em ica l stab ility  and low  n u cleop h ilic ity  o f  th e se  ion s m eans  
that they h ave been  used to stab ilise  ex o tic  ca tion ic  species, 
w hich  are not iso la tab le w ith other, m ore coordinating, 
anions.*3-6* Such an ions a lso  have the p o te n tia l to  act as 
partners w ith  cation ic L ew is acid ic transition  m eta l com p lexes  
that take part in variou s cata lytic  p rocesses. Som ew hat  
surprisingly, g iven  the a lm ost ub iqu itous use o f  [B (C 6F5)4]" 
and d eriva tives in such app lications, there are on ly  a few
[a] D r . C. G . F rost, D r. A . S. W eller , N . J. P a tm o re , C. H a g u e  
J. H . C o tg r e a v e , D r. M . F. M a h o n  
D e p a r tm e n t  o f  C h em istry , U n iv e r s ity  o f  B a th  
B a th , B A 2 7 A Y  (U K )
Fax: (+ 4 4 )1 2 2 5 -8 2 6 2 3 1
E -m a il: c .g .fro st@ b a th .a c .u k , a .s .w e ller@ b a th .a c.u k
reports o f  an ions such  as A  or related  com pounds utilised in 
catalytic processes,*7"10* d esp ite  their p otentia l advantages  
over p erflu orinated  borates.*11,12*
T he coord in a tio n  ch em istry  o f  cation ic silver(i) phosphane  
com p lexes (co m b in ed  w ith  a range o f  an ions) has been  
stud ied  in so m e  detail,*13-16! to  the poin t that usefu l structural 
pred ications m ay b e m ade on  the basis o f spectroscop ic  
data.*17* S ilver p h osp h an es exo -coord in ated  to  polyhedral 
boranes are rarer,*18* but recent w ork , particularly from  Stone  
et al.*19"21* has es tab lish ed  this area. R elated  co m p lexes in 
w hich exo -co o rd in a ted  silver is b ound  to  ligands o ther than  
phosphane,*22-25* or arene so lv e n t m olecules*26"29* or w here the  
silver is p artnered  w ith h a logen o-su b stitu ted  carbo­
ranes*27' 30"33* are a lso  know n.
O ne o f  us has a current in terest in the synthesis, structures 
and reactiv ity  o f  L ew is acid ic  transition m etal com p lexes  
partnered w ith an ion  A  and derivatives.*24,25* Concurrently, 
there is a lso  in terest in L ew is acid  catalysis using silver(i) salts 
as e ffe c tiv e  p rom oters o f  a w ide-range o f organic trans­
form ations includ ing  a lly la tion , a ldol, ene and g lycosylation
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reactions.*341 O f particular n o te  is the use o f  silver(i) B IN A P  
([l,l'-b in a p h th a len e]-2 ,2 '-d iy lb is(d ip h en y lp h o sp h a n e)) com ­
p lex es in asym m etric a ld o l reactions,*35-381 M ukaiyam a aldol 
reactions,*391 asym m etric allylations*401 and h e tero -D ie ls  -  
A ld er  reactions.*411 It is w ell es tab lish ed  that th ese  reactions 
are accelerated  by o ther  L ew is acids (for exam p le: Ti, B, A l, 
Sn com p lex es). H o w ever, m any o f  these  estab lish ed  catalysts 
are sensitive to air, w ater and product inh ib ition  and 
con sequ en tly  are used  at a lo w  substrate/catalyst ratio. The  
use o f  silver(i) phosp h an e c o m p lex es  can p rovide a practical 
so lu tion , w ith m any precatalysts b ein g  stab le in air and 
retain ing activity in the p resen ce  o f  reaction  product. N ever­
theless, the b est exam p les from  the literature routinely  
em p loy  high catalytic load in gs ( 5 - 1 0 m o l % )  to ach ieve  
com p etitive  rates and product y ield s. We are thus in terested  
in d evelop in g  silver(i) L ew is acid s co m p lexed  w ith  carborane  
anions in anticipation  that the w eak ly  coord in atin g  nature o f  
the anions w ill reveal en h an ced  activ ity  for these  system s. The  
h e te r o -D ie ls -A ld e r  reaction  is o n e  o f  the m ost useful 
m eth od s for the synthesis o f  b io a ctiv e  h eterocycles. H en ce  
w e ch ose  to  test our new  co m p lex es  in this challenging  
reaction with the  in ten tion  o f  id en tify in g  str u c tu r e -a c tiv ity  
relationships w hen  the coord in a tio n  sphere o f  the silver  
(num ber o f  phosphanes, an ion ) is system atica lly  changed .
W e report here the  syn th esis and so lu tion  and solid-state  
structural in vestiga tion s for co m p lex es o f  the form ula  
[A g (P P h 3)„ (C B n H 6Y 6)] (n =  1, 2; Y =  H , B r) and their use 
as active catalysts in the h e te r o -D ie ls -A ld e r  reactions o f  N- 
b en zy lid en ea n ilin e  w ith D a n ish efsk y ’s d iene. A spects o f  this 
w ork have b een  com m u n ica ted  previously.*421
R esu lts  and D iscu ss io n
S ynthesis and structures: Silver(i) sa lts o f  m onoan ion ic  
carborane anions are read ily  prepared  and are air stab le and 
usefu l synthons for su b seq u en t reactions. For exam ple, 
they can be used in silver  salt m eta th esis reactions to 
in troduce a carborane an ion  in to  a m eta l’s coord ination  
sphere*23'25-29> 43’441 or to g en erate  syn th etica lly  useful salts.*281 
In add ition  they o ften  have sign ificant so lu b ility  in arom atic  
so lven ts com p ared  w ith o ther  cations, facilitating m ore 
com p lete  ch aracterisation  o f  the ca tion /an ion  pair. In princi­
ple, they  also provide a useful starting p oin t for the 
investigation  o f  silver(i) co m p lex es o f  the general form ula  
[A g (L )„ (C B u H 6Y 6)] (L  =  tw o e lectron  donor; Y = H ,  ha lo­
gen) as sim ple add ition  o f  the required ligand (L) results in 
com p lex  form ation .
A d d ition  o f  sligh tly  less than on e equ iva lent (to  avoid  
form ation  o f  2, v ide infra) o f  P Ph3 to a suspension  o f  
A g [C B u H 12] in C H 2C12 resu lts in the form ation  o f  
[A g (P P h 3) (C B n H i2) ] ,  1, as an analytically  pure solid  in good  
iso la ted  y ield  after recrystallisation  (Tables 1 and 2). The 
so lid -sta te structure o f  1 is presen ted  in Figure 1. T he  
(A gP P h 3}+ fragm ent in teracts w ith  the carborane anion  
through the three {BH} units that form  the B ( 1 2 ) -B (7 ) -B (8 )  
polyhedral face, a coord in ation  m o tif se en  previously  in 
[(C p *)Z rM e2-;/3- (C B 11H i2)].*101 T h e silver phosphane frag­
m ent d oes not sit o v er  the cen tre o f  th is face but is m ore  
loca lised  tow ards B (8 ) and the corresponding  A g - B  bond  
lengths reflect this: A g ( l ) - B ( 8 )  2 .504(1 ) A, A g ( l ) - B ( 1 2 )  
2.569(3) A, A g ( l ) - B ( 7 )  2 .619(2 ) A. T h ese  bond lengths are 
broadly sim ilar to  th ose  p rev iou sly  reported  for the related  
com p lex  [2 ,2 ,2 -(C O )3-2 -P P h 3-7 ,12-(A g(P P h 3)}-c /o jo -2 ,l-  
M o C B inH 9]*20’211 (2 .552 (4 ) A and 2 .589(4 ) A), in which the 
A g  centre is b ound  d ih apto  by the cage and.is the only other  
c/oso -p o lyh ed ra l b orane structure reported  with an exo- 
{A gP R 3} fragm ent, a lthough  there are others reported with  
ligands o ther than phosphane,*221 w ith  A g -m e ta l  bonds*211 and 
with endo coord in ation  o f  a s ilver fragment.*181 T h e location  o f  
the silver p h osp h an e fragm ent in relation  to  the B (8 ) -B (1 2 )  
bond is such  that the silver a tom  adopts a planar coord ination  
m otif w ith resp ect to  P ( l ) ,  B (8 )  and B (1 2 ) w ith the sum  o f  
relevant angles around A g ( l )  359.7°. P ( l )  essen tia lly  lies on 
the sam e p lan e form ed  by A g ( l ) ,  B (8 )  and B (12) (m ax  
d eviation  from  p lan e 0.083 A for P ( l ) ) ,  resulting in an 
apparent vacant coord in ation  site  transoid to  H (7 ). Inspection  
o f  the ex ten d ed  la ttice  pack ing diagram  sh ow s that there are 
no A g ” > H -B  in term olecu lar  in teraction s d irected  towards 
this vacant site.*18,201 H o w ev er , there is a lon g  interm olecular  
in teraction  (3 .348 A) b etw een  A g ( l )  and C (35)' o f  a phenyl 
ring in a sym m etry related  m o lecu le  (F igure 2), and the arene 
carbon ap p roach es the silver from  the reverse o f  the trigonal
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T a b le  1. Crystal d ata  a n d  stru ctu re  r e fin e m e n t  fo r  1, 2  an d  3.
1 2 3
e m p ir ic a l  fo rm ila C ,9H :7A g B ,,P C lvH i,A g B n B r6P
M r 5 1 3 .1 6 1550 .85 9 8 6 .57
T [K ] 1 5 0 (2 ) 1 7 0 (2 ) 1 5 0 (2 )
A [A] 0 .7 1 0 7 3 0 .7 1 0 6 9 0 .7 1 0 7 3
cry sta l s y s te m tric lin ic tric lin ic m o n o c lin ic
sp a c e  g r o u p PI P \ P 2 ,/c
« [A] 1 0 .2 8 2 (2 ) 1 1 .6 9 6 3 (2 ) 8 .8 9 5 0 0 (1 0 )
b [  A] 1 0 .9 8 8 (2 ) 1 3 .1 6 6 8 (2 ) 2 4 .4 1 4 0 (4 )
c[A] 1 1 .3 0 8 (2 ) 1 4 .1 3 9 3 (2 ) 1 4 .4 1 7 0 (3 )
« [ ° ] 7 6 .2 2 (3 ) 9 6 .8 8 6 0 (6 ) 9 0
fi[°] 7 5 .2 5 (3 ) 10 6 .8 9 8 0 (7 ) 1 0 2 .0 7 2 0 (1 0 )
y 1°) 7 5 .6 1 (3 ) 1 1 0 .5 3 7 0 (8 ) 9 0
v  [A3] 1 1 7 5 .7 (4 ) 1 8 9 0 .3 0 (5 ) 3 0 6 1 .6 0 (9 )
z 2 1 4
A . id  [m g m " , l 1 .450 1.362 2 .1 4 0
H [m m * 1] 0 .9 3 2 0 .6 4 6 8 .554
F (0 0 0 ) 5 1 6 7 92 1848
crysta l s iz e  [mrr.] 0 .2 0  x  0 .2 0  x  0 .10 0 .2 5  x  0 .2 0  x  0 .1 7 0 .1 0  x  0 .1 0  x  0 .05
6 ra n g e  [°] 2 .9 6  to  2 7 .5 0 3 .3 8  to  2 7 .5 0 3.71 to  27 .8 8
r e fle c t io n s  c o lle c te d 2 0 7 0 2 2 2 5 7 0 2 3 1 6 4
in d e p e n d e n t  reflectio n s 5 3 7 4  [7?(int) =  0 .0 3 8 7 ] 8 605  [ « ( in t )  =  0 .0 2 5 0 ] 7 2 5 3  [ « ( in t )  =  0 .0519]
r e fle c t io n s  o b serv ed  (> 2 tr ) 4 5 3 8 7964 5 8 8 0
m ax an d  m in  tran sm ission 0 .9 1 2 6  and  0 .8355 1 .027 , 0.981 0 .6 6  a n d  0 .47
d a ta /restra in ts/p a ra m eters 5 3 7 4 /0 /3 0 2 8 6 0 5 /2 /4 7 8 7 2 5 3 /0 /3 4 9
g o o d n e s s  o f  fit  on F 2 1 .018 1 .050 1.041
fin a l R  in d ic e s  [/ >  2 o ( I ) ] /?, = 0 .0 3 1 6  wR2 = 0 .0 7 5 7 R } = 0 .0 2 8 9  w R 2 = 0 .0 7 3 8 / ? ,=  0 .0 3 5 8  wR 2 = 0 .0 7 8 3
R in d ic e s  (a ll  data) / ? ,=  0 .0 4 1 7  w R2 = 0 .0 8 1 3 /?, =  0 .0 3 2 3  w R 2 =  0 .0 7 6 3 R, = 0 .0 5 2 1  wR 2 = 0 .0 8 5 5
largest d iff. peak  a n d  h o le  [e  A_3] 0 .5 4 4  a n d  -  0 .923 1 .727 and - 0 .5 8 4 1.081 a n d  - 1 .1 8 1
T a b le  2 . S e lec te d  
c o m p o u n d s  1 - 3 .
b o n d  len g th s [A] an d  a n g les  [°] for th e  n ew
C o m p o u n d  1
A g ( l ) - P ( l ) 2 .3 6 2 5 (7 ) P ( l ) - A g ( l ) - B ( 7 ) 1 4 2 .1 1 (6 )
A g ( l ) - B ( 7 ) 2 .6 1 9 (3 ) P ( l ) - A g ( l ) - B ( 8 ) 1 5 8 .2 3 (6 )
A g ( l ) —B (8 ) 2 .5 0 4 (3 ) P ( l ) - A g ( l ) - B ( 1 2 ) 1 6 0 .3 2 (6 )
A g ( l ) - B ( 1 2 ) 2 .5 6 9 (3 ) B ( 1 2 ) - A g ( l ) - B ( 8 ) 4 1 .2 6 (8 )
A g ( l ) - H ( 7 ) 2 .3 6 (2 ) B ( 1 2 ) - A g ( l ) - B ( 7 ) 4 0 .3 7 (8 )
A g ( l ) - H ( 8 ) 2 .1 4 (2 ) B ( 7 ) - A g ( l ) - B ( 8 ) 4 0 .9 8 (8 )
A g ( l ) - H ( 1 2 ) 2 .2 6 (2 )
C o m p o u n d  2
A g ( l ) - P ( l ) 2 .4 6 9 8 (3 ) A g ( l ) - H ( 1 2 ) ' 2 .1 7 (2 )
A g ( l ) - P ( 2 ) 2 .4 7 4 1 (3 ) A g ( l ) - H ( 7 ) 2 .5 1 (2 )
A g ( l ) - B ( 7 ) 3 .4 9 4 (2 ) P ( l ) - A g ( l ) - P ( 2 ) 1 3 0 .9 0 (1 )
A g ( l ) - B ( 1 2 ) ' 2 .8 9 2 (2 ) B ( 7 ) - A g ( l ) - B ( 1 2 ) ' 7 2 .4 (6 )
C o m p o u n d  3
A g ( l ) - P ( l ) 2 .4 0 3 2 (1 0 ) P ( l ) - A g ( l ) - B r ( 7 ) 1 1 7 .4 4 (3 )
A g ( l ) - B r ( 7 ) 2 .8 7 1 0 (5 ) P ( l ) - A g ( l ) - B r ( 8 ) 1 5 5 .5 5 (3 )
A g ( l ) - B r ( 8 ) 2 .6 9 6 3 (5 ) P ( l ) - A g ( l ) - B r ( 1 2 ) 9 3 .3 1 (3 )
A g ( l ) - B r ( 1 2 ) 3 .0 9 5 3 (5 ) P ( l ) - A g ( l ) - B r ( l l ) ' 1 5 7 .1 5 (1 )
A g ( l ) —B r ( l l ) ' 3 .4 9 0 1 (5 ) B r ( 7 ) - A g ( l ) - B r ( 8 ) 8 7 .4 7 1 (1 4 )
F igu re 1. M o le c u la r  s tru ctu re  o f  c o m p le x  1, sh o w in g  th e  a to m -n u m b e r in g  
sc h e m e . T h erm a l e ll ip so id s  are d ra w n  at th e  50 %  p ro b a b ility  lev e l.
plane form ed by B (8 ), B (1 2 ), A g ( l )  and P ( l ) .  A lth ou gh  this 
distance is very long  com pared  w ith o ther  reported  s i lv e r -  
arene bond lengths found  in the so lid -sta te  structure o f  A g  
carboranes (ca. 2 .5 - 2 .6  A), w e su ggest that it m ay be  
significant, g iven  the ob served  o r ien ta tion  o f  the silver  
phosphane fragm ent w ith resp ect to  the cage. Indeed , gas- 
phase D F T  ca lcu la tion s on  1 sh ow  that the silver adopts the  
exp ected  tetrahedral g eom etry  w h en  there are no in term o­
lecular in teraction s,(451 w hile com p arab le w eak  silv er -a ren e  
contacts have b een  prev iou sly  id en tified .146’471 The  
A g ( l ) - P ( l )  d istan ce, at 2 .3625(7 ) A, is at the shorter end o f  
the range rep orted  for [A g (P P h 3)L ] or [A g (P P h 3)]X  (X  =
cou n terion  or tw o -e le c tro n  ligand (L )) m o lecu les1'4 161 su g­
gestin g  a re la tively  strong A g P  bond.
In so lu tion , the ^ { " B ]  N M R  spectrum  o f  1 sh ow s a 1:1 
ratio o f  p h osp h an e to  carborane anion . R eso n a n ces due to  
{BH} groups are o b served  at <5 =  2.25 and d =  1.85 in the ratio  
1:10 (th e  latter is a 5 + 5  co in c id en ce), w ith  no h igh -field  
reson ances p o ten tia lly  in d icative  o f  M  -  H ~ B  in teractions  
o b served .148) That o n ly  tw o  {BH} reson ances are ob served  
su ggests that the {A gP P h 3} fragm ent is fluxional over  the  
surface o f  the cage and affords tim e-averaged  C5V sym m etry  
in so lu tion . This facile  process is ev id en ced  by no sign ificant 
change ob served  in the  spectrum  w hen  recorded  at - 9 0 ° C .
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C(1)
Figure 2. D im e r ic  un it fo rm e d  in th e  e x te n d e d  la tt ic e  by  A g " - C irtne 
co n ta c ts  (A g ~ C (3 5 ) '  3 .3 4 8  A). A to m  la b e llin g  and  o th e r  d e ta ils  as  
in F igure 1.
R ela ted  m eta llab oran es w ith  ex o -coord in ated  {A gP P h 3} frag­
m ents are a lso  h ighly fluxional in so lu tio n .120-211 W e w ere  
in itially  surprised to observe that the 11B {1H} N M R  spectrum  
show s that both  the antipodal [B (1 2 )] and low er pentagonal 
belt [B (7 )-(1 1 )J  borons undergo a sign ificant u p fie ld  shift on  
com p lexation  with the {A gP P h 3} fragm ent w h en  com pared  
with A g [C B u H 12] (F igure 3), w h ile  there is no sign ificant shift 
in the {BH} resonances observed  in the  ^ { ” 8 }  N M R  spectrum . 
This w as u n exp ected  as coord in ation  o f  an exo-m eta l frag­
m ent results in sign ificant up field  sh ifts o f  the exo-m eta l 
coord inated  {BH} units in both the JH  and MB N M R  spectra in
other system s.125-441 S p ecifically , in the n B{'H } N M R  spectrum , 
reson ances are ob served  at <3 =  —10.3, <5 =  - 1 1 .2  and <3 =  
-  12.0 in the ratio 1:5:5. T h is d ich otom y b etw een  !H and nB  
chem ical shifts m ay be in d ica tive  o f  the cage-silver bonding  
predom inantly  orig in atin g  from  A g - B  interactions,1491 with a 
reduced  con trib ution  (or perhaps a m ore electrostatic  inter­
action ) from  the cage hydrogens. It is n otew orth y  that A g H  
in teractions can be ob served  by *H N M R  spectroscopy  in 
certain  cases and sh ow  b oth  sign ificant chem ical shifts and 
A g H  cou p lin g  con stan ts,1501 n either o f w hich are observed  for 
com p lex  1, or p rev iou sly  in related  A g  cage com pounds.119-211
G iven  that on ly  the antipodal [B (12 )] and low er pentagonal 
belt [ B ( 7 ) - B ( l l ) ]  boron  a tom s appear sign ificantly  perturbed  
in the n B N M R  spectrum  on  coord in ation  o f  the {A gPPh3} 
fragm ent, w e  su ggest a m echan ism  to exp la in  the observed  
fluxionality  that in corp orates the m eta l p h osp h an e precessing  
around the five triangular faces form ed  b etw een  B ( 7 ) - B ( l l )  
and B (1 2 ). This m ech an ism  is sim ilar to that previously  
ob served  for the m o v em en t o f  {R h (cod )}+1441 or 
{P t(/B u2P (C H 2) 3P /B u 2)}+151) over  the surface o f  [closo- 
C B n H 12] - .  In the 31P{JH} N M R  spectrum  o f  1, a peak centred  
at <5 =  18.70 is o b served  as a pair o f  con cen tric  doublets, due to 
1(>9A g P  and 107A g P  cou p lin g , having an average value for 
7 (A g P )average o f 743 H z. T his large value is con sisten t w ith the  
strong A gP  bond seen  in the so lid  sta te  and is a lso  indicative  
o f  a low -coord in ate  silver p h osp h an e sp ec ies;1131 this suggests  
the ob served  so lu tio n  and so lid -sta te  structures o f 1 are 
sim ilar.
A d d itio n  o f  tw o  eq u iva len ts o f  P P h3 to  A g {C B nH )2] 
gives com p lex  2, having the em pirical form ula  
[A g (P P h 3)2(C B n H 12) ] ,  w hich  has b een  characterised by 
so lu tion  N M R  sp ectro sco p y  and in the solid  sta te by X -ray  
diffraction . T h e extra P Ph3 ligand has the effec t o f  disturbing  
the silver-cage b on d in g  from  1, so  that a d im eric, cen tro-  
sym m teric, [A g (P P h 3)2(C B n H ]2)]2 unit is now  observed  (F ig­
ure 4 ) , in w hich each  carborane unit bridges tw o silver centres. 
E ach cage in teracts w ith the tw o silver cen tres through one  
shorter ( A g ( l ) - H ( 1 2 ) '  2 .17 (2 ) A, A g ( l ) - B ( 1 2 ) '  2 .892(2) A) 
and o n e  lon ger ( A g ( l ) - H ( 7 )  2 .51(2) A, 
A g ( l ) - B ( 7 )  3 .494 (2 ) A) A g - H H B  in­
teraction . T his b ond ing m o d e  to the tw o  
silver cen tres by the antipodal [B(12)J  
and a sin g le  low er p entagonal belt 
[B (7)J vertex  is sim ilar to  that observed  
in the ex ten d ed  so lid -sta te  structure o f  
[M o (C p )(C O )3I • A g (C B n H 12)]2 1241 D i­
m eric and tetram eric silver carborane  
co m p lex es  w ith cages other than 
[C B n H 12] _ have a lso  b een  previously  
rep orted .118-20-221 A s  ex p ected  on m oving  
to  a h igher coord in ation  num ber in 
go in g  from  1 to  2, the  A g - P  bond  
len gths are rela tively  lon ger in the latter  
co m p lex  ( A g ( l ) - P ( l )  2 .4698(3) A,
A g ( l ) - P ( 2 )  2 .4741(3 ) A). T he P ( l ) -  
A g ( l ) - P ( 2 )  angle o f  130.90(1)° is sim ­
ilar to  that ob served  in the three- 
coord in ate  com p lex  [A g(P P h 3)2- 




<511B -10 -150 -5
Figure 3. “ B N M R  c h e m ic a l sh ift “s t ic k ” d iagram  co m p a r in g  c o m p le x e s  1 and  2 (so lu t io n s  in C D 2C12) 
w ith  A g [ C B ,,H )3] ( so lu t io n  in [ D 6]a c e to n e ) .
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F igu re 4 . M olecu la r  stru ctu re  o f  c o m p le x  2, sh o w in g  th e  a to m -n u m b er in g  
sc h e m e . P h eny l h y d ro g en  a to m s are o m it te d  fo r  clarity . T h erm a l e llip so id s  
are d ra w n  at th e  50%  p ro b a b ility  lev e l.
In so lu tion  at room  tem perature in 2, th e  carborane d oes  
not in teract sign ificantly  with the m eta l centre. T his is 
ev id en ced  in the UB N M R  spectrum , w hich  d o es  not show  
any appreciab le perturbation  from  that found for 
A g [C B n H 12] , w ith three reson ances ob serv ed  at <3 =  — 5.1, 
- 1 0 .6  and - 1 2 .6  in  the ratio 1:5:5 (F igure 3). T h ese  data  
reflect the sign ificantly  w eak er A g  ••• H - B  in teraction s appar­
ent in 2, rela tive to  1, in the so lid  state. In the room - 
tem perature 31P{’H) N M R  spectrum  o f  2, a single broad  
reson ance cen tred  at <5 =  14.8 is ob served , su ggestin g  that the  
p h osp h an e ligands are u ndergoing an ex ch an ge process. 
P rogressive co o lin g  affords tw o broad sin g lets at 6 =  15.4 
and d =  13.2 at 0 °C , w hich gradually sharpen  in to  tw o se ts o f 
d ou b lets at - 6 0 ° C ,  o f  approxim ately  eq u al proportions, 
centred  at <5 =  13.7 ( / (A g P )  =  333 H z) and <5 =  13.6. T he latter  
resonance is further ob served  as a pair o f  con cen tric  doublets, 
show ing cou p lin g  to  b oth  109A g  and 107A g  ( / (A g P ) average =  
519 H z). T h ese  ch an ges in the N M R  spectrum  on coo lin g  
are con son an t with the p resen ce o f  tw o d ifferen t co m p lexes in 
solu tion  at low  tem perature, w hich in tercon vert at am bient 
tem perature. T he sp ec ies that reveals the  larger A gP  coup ling  
constant has a value very sim ilar to  that reported  for tw o- 
coord in ate [A g (P P h 3)2][B F 4] ( / (A g P )  =  530 H z ) ,1141 w hile the  
alternative sp ec ies  has a cou p lin g  con stan t in term ediate  
betw een  the  three-coord inate  [A g (P P h 3)2Br] ( / (A g P )  =  
385 H z )1151 and four-coordinate [A g (P P h 3)4][PF6] ( / ( 107A g P )  
=  224 H z )1131 silver p h osp h an e com p lexes. O n the basis o f  
these observations, w e ten ta tively  su ggest that, at low  tem per­
ature an approxim ate 1:1 m ixture con sistin g  o f  the tw o- 
coord inate, ion-pair separated , sp ec ies [A g (P P h 3)2][C B nH ,2] 
and the d im eric [A g (P P h 3)2(C B n H 12)]2 is form ed. 
N o  ev id en ce  for the d isp rop ortion ation  o f  2 to  form  
[A g(P P h 3)][C B n H 12] and [A g (P P h 3) 3][C B u H i2] w as se en  in 
the low -tem p eratu re 31P{’H} N M R  sp ectru m .1,31 T he low - 
tem perature UB{'H } N M R  spectrum  exh ib its tw o broad peaks  
at <5 =  - 5 . 8  ( IB )  and d =  -  11 .6 (10B ), essen tia lly  unshifted  
from room -tem p erature values.
T he coord in ation  chem istry  o f  the an ion  [c /o jo -C B n H i2]~ 
can be u sefu lly  com pared  w ith that o f  [c /o5o -C B n H 6Br6]_ , in
which the six low er h yd rogen  atom s in the cage are replaced  
w ith brom ines, and it is con sid ered  to be sign ificantly m ore  
w eakly  coord in atin g  than [C B nH 12]~. W hile  there are now  a 
sign ificant num ber o f  so lid -sta te  structural investigations on  
the silver salts o f  p erh a lo g en a ted  an ions,127 30-331 there are few  
stud ies in w hich both  the so lu tion  and so lid -sta te  structures o f  
their transition m eta l co m p lex es have b een  investigated . 
A d d itio n  o f  on e eq u iv a len t o f  P P h3 to  a suspension  of  
A g [C B u H 6B r6] in C H 2C12 affords the n ew  com plex  
[A g (P P h 3) (C B n H 6B r6)J (3). T he so lid -sta te  structure o f  3 is 
presen ted  in F igure 5. O n  first in sp ection , the silver(i) centre is 
coord inated  with the  carborane an ion  through tw o shorter  
(2 .6963(5) A and 2 .8 7 1 0 (5 ) A )  A g - B r  in teractions and on e  
longer o n e  (3 .0953(5 ) A), all o f  w hich  fall com fortably  w ithin  
the sum o f  the van der W aals radii for silver and brom ine. 
T h ese bond lengths are o f  sim ilar va lu es to th ose  previously  
reported  for silver c o m p lex es  o f  [C B n H 6B r6] -1311 and dibro- 
m oalkan e co m p lex es o f  silver .1521 T he silver phosphane bond  
length (2 .4032(10) A) is sligh tly  lon ger than that found in 1. 
T he p h osp h an e p h en y l groups adopt a rela tively  uncom m on  
C2v arrangem ent, a resu lt o f  o n e  phenyl group (C (2 )~ C (7 ))  
tw isting to m in im ise in teraction s with B r(12). G iven  that the 
silver is form ally 4 -co n n e c te d  in the  asym m etric unit, the fact 
that it appears to  adop t a p seu d otr ig o n a l planar, as op p osed  to  
a tetrahedral coord in ation  m o tif (sum  o f  relevant angles 
around A g ( l )  is 360 .5°) w as on  first in sp ection  puzzling to us. 
H ow ever, sim ilar to  1, th e  p ack in g  diagram  (Figure 6) reveals  
a long in teraction  (3 .4 9 0 1 (5 ) A) b etw een  A g ( l )  and B r ( l l ) '  
on a sym m etry re la ted  cage in the la ttice; this brom ine  
atom  approaches A g ( l )  ap p roxim ately  trans to B r(12)  
( B r ( 1 2 ) - A g ( l ) - B r ( l l ) '  157.15(1)°). A lth o u g h  this d istance is 
long, the coord in ation  m o tif  around the silver suggests that it 
is sign ificant in the  so lid  sta te. T his in teraction  com p letes the  
coord in ation  sphere at the silver centre. It a lso  results in 
phenyl groups on sym m etry  re la ted  p h osp h an es having a close  
approach in the la ttice  (F igure 6 ), and the A g ( l ) - P ( l )  
vector b ein g  canted  from  lying eq u id istant b etw een  B r(7)
F igure 5. M o le c u la r  stru c tu re  o f  c o m p le x  3, sh o w in g  th e  a tom -n u m b er in g  
sch em e. T h erm a l e ll ip so id s  a re  d ra w n  a l th e  5 0 %  p ro b a b ility  lev e l.




F igu re 6. E x te n d e d  so lid -s ta te  stru ctu re  a p p a ren t in c o m p le x  3: a ) sh o w in g  w e a k  axia l A g ” -B r  in te r a c tio n s ;  b )  s p a c e -f ill in g  d iagram  sh o w in g  o r ie n ta tio n  o f  
p h en y l grou p s in th e so lid  sta te .
and B r(8) ( P ( l ) - A g ( l ) - B r ( 8 )  155 .55(3)°, P ( l ) - A g ( l ) - B r ( 7 )  
117.44(3)°).
In so lu tion , Csv sym m etry is observed  for the cage an ion  in 
the n B N M R  spectrum , w hich  sh ow s that the (A gP P h 3}+ 
fragm ent d o es not retain  a rigid coord in ation  m o tif w ith  
respect to  the cage. T h e 31P ('H } N M R  spectrum  o f  3 is sim ilar  
to  that o f  1 w ith a reson ance cen tred  at <5 =  16.52 is observed  
as a concentric pair o f  doub lets, 7 (A g P )average =  715 H z, 
suggesting that sim ilar structures are a d op ted  in so lu tion  for 
b oth  com plexes. This va lu e is sligh tly  sm aller than that 
o b served  for 1, in line w ith  the sligh tly  lo n ger  A g - P  bond  
o b served  in the so lid  sta te for 3 com p ared  w ith com p lex  l . [17l
A d d ition  o f  tw o eq u iva len ts o f P P h 3 to A g [C B u H 6Br6] 
results in the iso la tion  o f  a w hite so lid  hav ing  the em pirical 
form ula [A g (P P h 3)2(C B u H 6B r6)] (4). D e sp ite  rep eated  a t­
tem pts, crystals su itab le for X -ray d iffraction  cou ld  not be 
obta in ed , so ch aracterisation  o f  co m p lex  4 w as lim ited  to
N M R  sp ectroscop y  and m icroanalysis. In so lu tion  at room  
tem perature, the 3IP{‘H} N M R  spectrum  o f  4 has a broad  
singlet at d = 12.9, sh ow in g  that the phosphane ligands are 
u ndergoing exch a n g e  under am bient conditions. The corre­
sponding 'H {UB) N M R  sp ectru m  sh ow s a 2:1 ratio o f  
p hosphane to  cage, w ith  n o  signals ob served  at high field. 
T he low -tem p eratu re ( ~ 8 0 ° C )  31P {3H} N M R  spectrum  show s 
that on e sp ec ies  is p resen t at th is tem perature, due to  tw o  
con cen tric  d o u b le ts  cen tred  around <5 =  8.1. T he m agnitude o f  
the A g P  cou p lin g  con stan t ( / ( A g P )average =  240 H z) is very 
sm all and o f  th e  sam e order o f  that associated  with  
[A g (P P h 3)4]+ .,13) To accou n t for this, a low -tem perature  
lim iting structure that has a sp3 hybrid ised  silver®  centre is 
su ggested , in w hich  the h exab rom o carborane anion is 
coord in ated  to  the silver by tw o o f  the brom ines on  the cage. 
That there is a m ore in tim ate con tact b etw een  the halogen- 
ated  cage and silver  in 4 com p ared  with the silver-cage contact
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Scheme 3. Activation of imines
in 2  is  furth er re flec ted  in  the  OMe
r e la tiv e  ca ta ly tic  a c tiv ities  o f  
th e se  tw o  co m p o u n d s, w h ich  
w ill b e  p resen ted  later. W h ile  
w e h a v e  ta k en  m ea su res to  use  
p u re sa m p les (recrysta llised  
m a ter ia l u sed  e x c lu s iv e ly  for  
N M R  and cata lysis e x p e r i­
m e n ts ) , w e  ca n n o t c o m p le te ly  ru le  o u t th e  p resen ce  o f  sm all 
a m o u n ts o f  free  P P h 3 in 2  and  4 , w h ich  w o u ld  lead  to  rapid  
p h o sp h a n e  ex ch a n g e  at room  tem p er a tu re .1131
C ata lysis: W e h a v e  in v estig a ted  th e  reaction  b e tw een  
/V -ben zy lid en ea n ilin e  (I) and D a n ish e fsk y ’s d ien e  (II) 
(S c h e m e  2 )  w ith  th e  silver  c o m p le x e s  1 to  4. Im portantly , in 
th e  a b sen ce  o f  an y  ca ta lyst th e re  w as o n ly  a trace ( le ss  than  
5 % ) o f  p rod u ct a fter  24  h ou rs at r o o m  tem p eratu re. In itia l 
ex p er im en ts  using fresh ly  d istilled  r ea g en t grade so lv en ts  
r e v e a le d  that th e  ad d itio n  o f  1 m o l % o f  silver  co m p lex  
p ro m o ted  th e  e ffic ie n t fo rm a tio n  o f  th e  p rod u ct (III) in less  
than  o n e  h ou r  at room  tem p era tu re  (T ab le  3 ). O n  th e  ben ch  
u n d er th e se  con d ition s, c o m p le x e s  1 to  4  w ere  sign ifican tly  
m o re  activ e  than  [A g (P P h 3)(O T f)]  and [A g (P P h 3)(B F 4)] 
w h ilst [A g (P P h 3) ( C I 0 4)] w as o f  co m p a ra b le  activity. R em a rk ­
ably, th e  ca ta lyst lo a d in g  co u ld  b e  lo w e r e d  to  0.1 m o l%  o f  
c o m p le x  3 an d  th e  rea ctio n  w as still c o m p le te  in less than  
thirty m in u tes to  a fford  an iso la te d  y ie ld  o f  99%  prod u ct  
( > 2 0 0 0  turnovers h o u r-1).
Table 3. Yields of compound HI. Catalyst (1 m ol% ); im inel (1.1 mmol); 
Danishefsky’s diene (II) (1.65 mmol). Yields reported are after reaction for 
60 minutes at room temperature and workup (see Experimental Section for 
full details).
+P^'N Ag complex (1 mol%)
H^ Ph CH2CI2 "
<5% 70%
I III




4 [Ag(PPh,)(CBnH 12)] (1) 98
5 [Ag(PPhJ)2(CB11H ,2)] (2) 99
6 [Ag(PPh,)(CB„HtBr6)] (3) 99
7 [Ag(PPh3)2(CBnH6Br6)] (4) 85
A  c o m p e tit io n  ex p er im en t illu stra ted  that s ilver  co m p lex  3 
co u ld  p re feren tia lly  a ctiv a te  im in es  in  th e  p resen ce  o f  
a ld eh y d es (S c h e m e  3 ). W h en  D a n ish e fsk y ’s d ien e  (II) w as 
ad d ed  to  a 1:1 m ixture o f  b e n z a ld e h y d e  (IV )  and im in e (I)  in  
th e  p resen ce  o f  1 m o l % o f  3, th e  p ro d u ct arising from  the  
rea ctio n , a fter  15 m in u tes at ro o m  tem p era tu re , w as iso la ted  
in 70  % y ie ld  w hilst th e  a ld eh y d e  ad d u ct w as p ro d u ced  in on ly  
5 % y ie ld . A c c o r d in g  to  th e  c la ss if ic a tio n  sy stem  su g g ested  by
(1 equiv)
in the presence of aldehydes by silver complex 3.
K ob ayash i e t  al. ,1531 th e  silv er  ca ta lyst is thus an A -2  L ew is  
acid  (activ e , im in e se le c tiv e ) .
P ro m p ted  by th e se  resu lts w e  d ec id ed  to  fo llo w  the  
reactio n s b y  N M R  sp ec tro sco p y , u sin g  cata lyst load ings  
o f  0.1 m ol % , in  th e  a n tic ip a tio n  o f  u n coverin g  structure -  
activ ity  re la tio n sh ip s in v o lv in g  co u n te r io n  and /or p h osp h an e  
ligands. T h is in itia lly  resu lted  in  th e  u n ex p ec ted  ob servation  
th a t th e  reaction  b e tw e e n  d ie n e  II and im in e  I d id  n ot p ro ceed  
(n o  reaction  after ca. tw o  h ou rs at ro o m  tem p eratu re) w h en  in  
th e  N M R  tub e, u sin g  r ig o ro u sly  d ried  so lv en t (C D 2C12 
vacu u m  d istilled  from  C a H 2). H o w e v e r , ad d ition  o f  a 
su b sto ich io m etr ic  a m o u n t o f  w a ter  (ca . 50  m o l % , 1 pL, 
u n o p tim ised ) to  th e se  so lu t io n s  resu lted  in rapid in itia tion  
o f  th e  reaction . T h is is an e x a m p le  o f  a w ater-accelera ted  
L ew is acid  ca ta ly sed  rea c tio n ; su ch  reaction s, in w hich  w ater  
is an im portan t p artner, are b e in g  in creasin g ly  ap p recia ted .1541 
P ertin en t to  this o b ser v a tio n , m o d e st  y ie ld  en h a n cem en ts on  
a d d ition  o f  sto ich io m etr ic  a m o u n ts  o f  w ater to  a hetero - 
D i e l s - A ld e r  rea ctio n  ca ta ly sed  b y  la n th an id e triflu orom eth- 
a n esu lfo n y la m id es1551 h a v e  b e e n  rep o rted  previously . C urrent­
ly, w e  are unsure a b ou t th e  ex a c t ro le  o f  the w ater  in the  
reaction . It is likely , h o w ev er , that a p o larised , silver-bound , 
w ater  m o le c u le  acts as a L e w is  a ss isted  B rpn sted  acid , sim ilar 
to  that in la n th a n id e  salt ca ta ly sed  arom atic e lec tro p h ilic  
su b stitu tion s.1561 It is a lso  sim ilar  to  th e  ro le  m eta l-coord in ated  
w a ter  is su g g ested  to  p lay  in  certa in  ca ta ly tic  p ro cesses .1571 In 
su p p ort o f  this, p re lim in ary  D F T  ca lcu la tio n s on  the  m odel 
sy stem  [A g (M e 3P )(O H 2) (M e N H = C H M e )]+ in d ica te  that a 
co o rd in a ted  w a ter  m o le c u le  p la y s an im portant fun ction  in  
th e  silver p ro m o ted  [2 + 4 ]  ad d i­
tion  o f  im in e  to  d ien e . A  p u ta tiv e  
in term ed ia te  in th is p ro cess is 
sh o w n  in S ch em e  4, in  w h ich  th e  
w ater  m o le c u le  form s a h y d rogen  
b on d  w ith  the  n itr o g en  a to m .1451 
T his p ro p o sed  in te r m e d ia te  ac­
cou n ts for b o th  th e  o b ser v ed
d ep e n d e n c e  on  trace  a m o u n ts o f  w a ter  in this reaction  and  
th e  strong c o u n te r io n  e ffe c t  o b se r v e d  (v id e  in fra), w ith  both  
th e  L ew is a ss isted  B r 0 n ste d  ac id ity  (O H  ••• N  h yd rogen  b on d )  
and the n e e d  for a vaca n t s ite  (a lk e n e  co o rd in a tio n ) p laying  
im portan t ro les. E x p er im en ta lly , w h a t is c lear  is that trace
PMe3
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Scheme 2. Reaction between AZ-benzylideneaniline (I) and Danishefsky’s diene (II) with the silver complexes 1 -4 .
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am ounts o f  w ater are n eed ed  for this reaction  to proceed , 
w hich  is probably m ade ava ilab le  to  the reaction , w h en  at the  
bench , by ad ven titiou s w ater.
That a silver-bound  w ater m o lecu le  is strongly im plicated  as 
a catalytic proton  source in th ese  reaction s is dem onstrated  by 
the fo llow in g  control exp erim en ts. A d d itio n  o f just w ater to a 
m ixture o f  I and II  affords n o  product, w hile under the 
standard con d ition s used for cata lysis addition  o f  the h indered  
base 2 ,6 -d i-ferf-butyl-4-m ethylpyrid ine suppressed  the reac­
tion com pletely .!561 M oreover , w ater n eed  not be the unique  
proton  source. T he reaction  is eas ily  rep eated  replacing an 
a lcoh ol (m eth an o l, 2 0 m o l% )  for w ater, resulting in e s se n ­
tially id en tica l product y ie ld s and reaction  tim es.
T he results o f  th ese  N M R  exp erim en ts, in w hich w ater is 
added, are show n in Figure 7 for the n ew  com p lex es 1 through  
4 and for com parison  the co m p lex es  [A g (P P h 3)(B F 4)] , 
[A g (P P h 3)(C 1 0 4) j1581 and [A g (P P h ,)(O T f)]  J161 A ll o f  these  
exp erim en ts w ere carried ou t at 0.1 m ol%  catalyst loading  
w ith 50 m ol % added  w ater in so lu tio n s in C D 2C12, w ith the 
dien e in 1.5 m olar excess. T h e final products in the N M R  tube  
are a consistent m ixture o f  in term ed ia te  V  and final product 
I II  (ca. 90:10 ratio), w hich on  w orkup  g ives on ly  the final 
product. T he reactions w ere m o n ito red  by se lected  p eak s due  
to in term ediate V  and the final product (see  E xperim ental 
S ection ). N o  hydrolysis o f  the im in e to b en za ld eh yd e was 
ob served  under the co n d ition s u sed , w h ile  the con su m p tion  o f  
im ine I  in each  run fo llo w ed  the sam e tim e-d ep en d en t profile  
(a lthough  inversed) as the increase in V  and III .
It is clear from  F igure 7 that co m p lex  3 g ives the fastest rate 
o f  catalysis, co m p lete  con versio n  b ein g  apparent after 15 m in­
utes. This eq u a tes to  a turnover frequency (T O F ) o f  
4000 hou r-1, w hich is ex ce llen t for a L ew is acid catalysed  
reaction o f  this type. C om p lex  1, a lthough  a slow er catalyst 
than 3, also y ields co m p lete  con versio n  o f  the im ine after 
% 40 m inutes. N ot unsurprisingly the m onop h osp han e co m ­
plexes, [A g(P P h 3) (C 1 0 4)] and [A g (P P h 3) (O T f)] , w hich co n ­
tain m ore n u cleop h ilic  cou n terion s, are less active than 1 and  
3. T he addition o f  an extra P Ph3 ligand w ould  be ex p ected  to
b oth  reduce the L ew is acid ity  o f  the m eta l centre w hile also  
adding m ore steric bulk and b lock ing  a p oten tia l vacant site. It 
is not u n exp ected  then , that co m p lex es 2 and 4 are sign ifi­
cantly  poorer cata lysts than any o f  the m onop h osp han e  
com p lexes. In teresting ly  the  relative reaction  rates for the  
bisp h osp h an e co m p lex es 2 and 4 are reversed  from  those seen  
for the m on op h osp h an e/carb oran e com p lexes. C om plex 2, 
w hich in corp orates the [C B n H 12] anion , cata lyses the reaction  
sign ificantly  faster than 4. A lth o u g h  this is perhaps counter­
in tu itive g iven  the rela tive coord in atin g  ab ilities o f these tw o  
anions, w hen  the so lu tion  structures at - 6 0 ° C  are com pared  
(v ide supra), co m p lex  4 sh ow s a con sid erab ly  sm aller value  
for 7 (A g P ), su ggestin g  a silver centre that has a higher form al 
coord in ation  num ber in 4 than in 2. This im plies that the  
[C B u H 6Br6]~ an ion  in teracts sign ifican tly  w ith  the m etal 
centre at this tem perature in 4. A lth ou gh  w e do not have the  
so lid -sta te  structure o f  4 to  han d ,1591 this correlation  betw een  
the m agnitude o f  / ( A g P )  at low  tem p eratu re and the relative  
rates o f  2 and 4 is com p ellin g . T his d ifferen ce  in rate is also  
reflected  in the re la tive  product y ield s on the bench after one  
hour (en tr ies 5 and 7 in Table 3).
T he catalyst [A g (P P h 3)(B F 4)j cea ses to  function  after on ly  a 
few  m inutes o f  activity, g iv ing  on ly  m o d est y ields o f  cyclo- 
addition  product in both  the N M R  and the b ench-top  
exp erim en ts (F igure 7 and Table 3, entry 1). W e suggest that 
under the con d ition s used  for cata lysis (0.1 m ol%  catalyst, 
50 m ol % w ater), rapid ( <  2  m inu tes) silver(i) m ed iated  hy­
drolysis o f  the [B F 4]~ anion  occurs to  afford  an oxyborate  
anion  that b inds strongly  w ith  the m eta l cen tre, shutting dow n  
the catalytic cycle  dram atically. In support o f  this, hydrolysis  
o f  [B F 4] to afford co ord in ated  o xyb orates has been  reported  
previously.160-611
C o n c lu sio n
The preparation  o f  the four silver(i) p h osp h an e com p lexes  

















Figure 7. C hart sh o w in g  r e la tiv e  r a tes  o f  re a c tio n  b e tw e e n  I and  II by  u sin g  0.1 m o l%  o f  c a ta ly sts  1 - 4  and  [A g (P P h 3) (Y )]  [ Y = O T f ,  B F 4, C I 0 4] and  
50 m o l%  ad d ed  H ?0  at r o o m  tem p e r a tu r e  in C D 3C12. S e e  tex t for  o th e r  d eta ils .
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[c/o50-CBnH6Br6] has allowed a study to be made of the 
relationship between solid and solution structures and per­
formance as partners to cationic Lewis acids of these anions in 
an organic transformation. Not unsurprisingly, given the now 
well-documented14'51 inertness coupled with the low nucleo- 
philicity of the hexahalageno anions and the precedent for 
pronounced counterion effects in Lewis acid catalysed cyclo- 
additions,[62_641 the monophosphane complex 3  is a significant­
ly better catalyst than both 1 and all of the other systems 
examined. In addition, compound 3  (and presumably the 
others, although not tested) is selective for imines and can be 
used at significantly lower catalyst loadings than previously 
reported for Lewis acid catalysed hetero-Diels -  Alder reac­
tions.
T o us, th e  surprising resu lt is  th a t th e  re la tiv e  ord erin g  in 
rate o f  cata lysis b e tw e e n  [C B n H 12] and [C B 11H 6B r6] is 
reversed  w h en  tw o  p h o sp h a n es  are co o rd in a ted  to  th e  silver  
cen tre. A lth o u g h  th is w as u n e x p e c te d , it is p lea sin g  that a 
gross corre la tion  ex ists  b e tw e e n  o b ser v a b le  N M R  prop erties  
in so lu tio n  (m a g n itu d e  o f  / ( A g P ) )  and th e  ca ta ly tic  activity. 
Thus, c o m p lex es  1 an d  3 , w h ich  h a v e  large A g P  cou p lin g  
con stan ts, are b e tter  cata lysts than  2  and 4, w ith  th e  latter  
co m p lex  ex h ib itin g  th e  p o o rest  p erfo rm a n ce  and  th e  lo w est  
co u p lin g  con sta n t by far (a lb e it m ea su red  at lo w  tem p er­
ature). O vera ll th is su ggests th a t w h en  co n sid er in g  catalyst 
p erform ance in th e se , an d  rela ted  system s, th e  in flu en ce  o f  
cou n ter io n  and ligan d s are n ot in d ep en d e n t and  n e e d  to  be  
co n sid ered  to g eth er . It is h o w ev er  en co u ra g in g  that usefu l 
cata lyst p erform ance in d ica tors m ay b e  g le a n e d  from  sim p le  
N M R  exp erim en ts, w h ich  cou ld  h e lp  in th e  id en tif ica tio n  o f  
p rom ising cata lytic  system s. T o this en d , w e  are currently  
in vestiga tin g  the  ap p licab ility  o f  c o m p le x e s  such  as 3 in  o ther  
L ew is acid  ca ta lysed  reaction s and w ill rep ort o n  th e se  in due  
course.
Experimental Section
General: All manipulations were carried out under an argon atmosphere 
by using standard Schlenk line or dry box techniques. CH2CI2 was distilled 
from CaH2 and hexane was distilled from sodium. Solution NMR spectra 
were measured on Varian400MHz and Bruker Advance 300 MHz FT- 
NMR spectrometers in solutions in CD2C12. Residual protio solvent was 
used as a reference (CD2C12, 6 =  5.33) in 'H  NMR, BF, • O E t2 (external) in 
"B NMR and 85% H3P 0 4 (external) for 3,P NMR spectra. Coupling 
constants are given in Hz. Elemental analyses were performed in-house at 
the Department of Chemistry. The complexes Ag[CBnH |2]1261 and 
Ag[CBuH6Br6]lnl were prepared by the published literature routes or 
variations thereof. All other chemicals were used as purchased from 
Aldrich.
Preparations
[ A g ( P P h y) ( C B n H n ) ]  ( /): PPh, (0.163 g, 0.650 mmol) was dissolved in 
CH2CI2 (10 mL) and added dropwise to a Schlenk flask charged with 
Ag[CBnHI2] (0.155 g, 0.591 mmol), in the dark and with stirring. This 
solution was stirred overnight and then cannula filtered. The solvent was 
removed in vacuo to leave a pale yellow solid. Colourless crystals suitable 
for an X-ray diffraction study were grown by redissolving the product up in 
minimum CH2C12, layering with hexane, then placing the sample in a 
freezer overnight at -3 0 °C  (0.281 g, 92% yield).
’H f ’B} (22 °C): <5 = 7.52-7.29 (m, 15H; Q H 5), 2.55 (brs, 1H; CHctgc), 2.25 
(brs, 1H; BH), 1.85 (10H; 5+5 coincidence, BH); selected ‘H{n B} 
(-90°C ): 6 =  2.59 (brs, 1H ; CH „gc), 2.34 (brs, 1H ; BH), 1.94 (5H ; BH), 
1.76 (5H ; BH); "B{'H) (22°C): <5 = -1 0 .3  (shbr, IB), -11 .2  (br, 5B),
-12 .0  (5B); "B  <5 =  -1 0 .3  (d, 5+1 coincidence, 7(HB) =  118 Hz), -1 2 .0  (d, 
/(H B ) =  110 Hz, 5B); 3‘P|'H} (22 °C): 6 = 18.70 (dd, /(A g 'wP) = 795, 
/(A g107P) = 691 Hz, IP ); IR  (KBr): v =  2565 (vs, BH), 2517 (shs, BH), 
2372 cm-1 (m, BH); elemental analysiscalcd (% ) for C19H27BnAgP: C44.5, 
H 5.30; found: C 44.3, H 5.19.
[ A g ( m 3)2(C £ „ //I2)] (2): Ag[CBn H l2] (0.075 g, 0.299 mmol) and PPh, 
(0.158 g, 0.602 mmol) were stirred together in CH2C12 (15 mL) in the dark 
for 1 hour. This solution was filtered and hexane (20 mL) added to the 
filtrate to induce crystallisation. The colourless product was isolated by 
decanting off the solvent and drying in vacuo (0.204 g, 88% yield). Crystals 
suitable for an X-ray diffraction study were grown by redissolving a portion 
of the solid product in a minimum of CH2C12, layering with hexanes and 
then placing in a freezer overnight at -  30 °C to yield white crystals. 
1H |11B) (22°C): 6 = 7.45-7.18 (m, 30H ; Q H j), 2.21 (brs, 1H ; CH „ge), 1.85 
(brs, 1H ; BH,), 1.58 (brs, 10H; 5+5 coincidence, BH); nB{'H) (CD2C12, 
22°C): 6 =  — 5.1 (brs, IB), -1 0 .6  (brs, 5B), -1 2 .6  (brs, 5B); "B (22°C): 
6 =  -  5.1 (d, 7(HB) =  128 Hz, IB), -1 0 .6  (d, J  (HB) = 138 Hz, 5B), -12 .6  
(d, /(H B ) =  158 Hz, 5B); 3>P|'H) (CD2C12, 22°C): 6 =  14.8 (s, br); 3,P{'H} 
(-60°C ): 6 =  13.7 (brd , /(A gP) =  333 Hz), 13.6 (dd, /(A g l09P) =  554, 
/(A g ,07P) =  483 Hz); IR (KBr): 2544 (vs, BH), 2442 (m, BH), 2396 cm-' 
(m, BH); elemental analysis calcd (%) for C37H 42B11AgP2: C 57.3, H 5.46; 
found: C 57.2, H 5.53.
[ A g { P P h 7) ( C B n H 6B r 6)] (J): PPh3 (0.062 g, 0.236 mmol) was dissolved in 
CH2C12 (10 mL) and added dropwise to a Schlenk flask charged with 
AgfCBnHaBr,,] (0.200 g, 0.276 mmol) in the dark and with stirring. The 
resulting solution was stirred overnight and filtered. The supernatent 
solvent was removed in vacuo to leave a clear oil. Crystals suitable for an 
X-ray diffraction study were grown by redissolving the product up in 
minimum CH2C12, layering with hexane, then placing the sample in a 
freezer overnight at -3 0 ° C  (0.194 g, 83% yield).
'H{llB}: 6 =  7.52-7.22 (m, 15H; C6H 5), 2.73 (brs, 1H; C H „ge), 2.43 (5H; 
BH); "B : 6 =  -  2.1 (brs, IB, B), - 6 .6  (brs, 5B, BBr), -16 .9  (d, /(H B ) = 
157 Hz, 5B, BH); 3'P{‘H |: 6 =  16.52 (d of d, / ( Ag,09P) =766, / ( Ag,n7P) = 
664 Hz, IP); IR (KBr): 2608 (vs, BH), 2593 cm -' (s, BH); elemental 
analysis calcd (%) for Ci9H 21BuAgPBr6: C 23.1, H 2.12; found: C 22.6, H 
2.17.
[Ag(/>P/i3)2(CBn 7/tBr6)] (4 ): The compounds Ag[CB„H6Br6] (0.250 g, 
0.345 mmol) and PPh3 (0.181 g, 0.690 mmol) were stirred together in 
CH2C12 (20 mL) in the dark for 1 hour. The solution formed was filtered 
and solvent removed in vacuo to leave a white solid. This solid was 
redissolved in minimum CH2C12, layered with hexane and placed in a 
freezer overnight at -3 0 ° C  to afford a colourless microcrystalline powder 
(0.246 g, 57%).
'H{"B|: 6 =  7.45-6.87 (m, 30H ; C6H5), 2.45 (brs, 1H; C H ^ .) , 2.21 (brs. 
5H ); "B: 6 =  1.3 (brs, IB, B), -  6.8 (s, 5B), -17.2 (d ,/(H B ) =  166 Hz, 5B); 
3IP{'H) (22°C): 6 = 8.1 (brs); 3’P['H} (-8 0 °C ): 6 =  8.06 (dd, / ( 1MAgP) = 
256, 107/(A gP) = 223 Hz); IR (KBr): 2956 (vs, BH), 2587 cm -' (s, BH); 
elemental analysis calcd (% ) for C37H36B„AgP2Br6: C 35.7, H 2.89; found: 
C 35.5, H  3.01.
General experimental procedure for catalytic studies: The imine I (0:200 g, 
1.1 mmol) in dichloromethane (1.5 mL) at room temperature was added to 
a stirring solution of freshly recrystallised catalyst (1 m ol% ) in dichloro­
methane (3.5 mL). The reaction mixture was allowed to stir for 5 minutes 
then Danishefsky’s diene (II) (320 pL, 1.65 mmol) was added dropwise. 
After 60 minutes, the reaction was quenched with aqueous sodium 
hydrogen carbonate and extracted with ethyl acetate. The crude product 
was purified by chromatography on silica gel (hexane/ethyl acetate 4:1) to 
afford the product III.
'H  NMR: 6 =  7.67 (dd,7(H H ) = 1,7 Hz, 1H), 7.35-6.99 (m, 10H ),5.27 (dd, 
/(H H ) = 1,7 Hz, 2H ), 3.29 (dd, /(H H ) =  7,16 Hz, 1H), 2.77 (ddd, /(H H ) = 
1 ,3,16 Hz, 1H).
General procedure for NM R tube reactions: Solutions of catalyst were 
typically prepared by dissolving the compound (1 mg) in CD2C12 (1 mL) 
with the use of an ultrasound bath to ensure complete catalyst dissolution, 
although, by eye, the solids seemed to have dissolved completely. The 
relevant quantity of catalyst solution to give a 0.1 mol % catalyst concen­
tration (i.e. 0.00011 mmol of catalyst) was taken from this standard solution 
and placed in an NMR tube previously charged with N-benzylideneaniline 
(20 mg, 0.11 mmol). Danishefsky’s diene (32 pL, 0.17 mmol) and water 
(1 pL, 0.056 mmol) were added to the NMR tube, which was then shaken
2096 © WILEY-VCH Verlag GmbH, 69451 Weinheim. Germany. 2002 0947-6539/02/0809-2096 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 9
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vigorously before being placed in the NMR spectrometer and measure­
ments were taken at timed intervals. The disappearance of the peak at 6  =  
8.51 due to PhN=C//Ph was monitored, along with the growth of the peaks 
centred at <5 =  6.64 and d  =  6.54 [3H total, intermediate V] and 6  =  5.27 [1H 
total, final product III]. A plot for each catalyst, of time verses con­
sumption of I and time verses total concentrations of V and III showed 
essentially the same profile. Repeat runs for all the catalysts tested showed 
the same time-dependent profiles.
Intermediate V: 'H  NMR: 6  =  7.56 (d, /(H H ) =  13 Hz, 1H), 7.42-7.40 (m, 
2H), 7.28-7.23 (m, 1H), 7.10-7.01 (m, 3H), 6.64 (m, 1H), 6.54 (m, 2H), 
5.58 (d, /(H H ) = 12 Hz, 1H), 4.86 (q, /(H H ) = 6 Hz, 1 H), 4.71 (d, /(H H ) = 
6 Hz, 1H), 3.68 (s, 3H), 2.94 (dd, /(H H ) =  6 Hz, 22H), 0.144 (s, 9H). 
X-ray crystallography: The crystal structure data for compounds 1 -3  were 
collected on a Nonius KappaCCD. Structure solution followed by full- 
matrix least-squares refinement was performed by using the SHELX suite 
of programs throughout)65! Hydrogens were included at calculated 
positions throughout, with the exception of H7 and H12 in compound 2. 
These latter hydrogens were readily located in the penultimate difference 
Fourier map and refined at a fixed distance 1.12 A from parent atoms B(7) 
and B(12), respectively. Plots were produced by using ORTEX)66' 
CCDC-171721 (1), 171769 (2) and 168828 (3) contain the supplementary 
crystallographic data for this paper. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam­
bridge Crystallographic Data Centre, 12 Union Road, Cambridge 
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac. 
uk).
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R ea ctio n  o f  1 ,3 -d im esity lim id a zo liu m  ch lo r id e  [IM esH ]C l 
w ith  In M e 3 resu lts in ( IM e s )I n M e 2C l, w h ich  on  treatm ent 
w ith  o n e  eq u iva len t o f  T M S -O T f a ffo rd s (IM es)In M e2- 
(O T f), w hich  can  be co n verted  to  the bistriflate com p lex  
(IM es)In (M e)(O T f)2 on  a d d itio n  o f  H O T f.
Indium (m ) salts have received considerable attention as Lewis 
acids in recent years.1-3 Their stability to  coordinating functional 
groups present in organic substrates m akes them excellent 
catalysts for a wide variety o f  transformations. For transform­
ations mediated by Lewis acids, In(O T f)j (O T f = triflate) is a 
particularly efficient catalyst.1 Surprisingly, given their use in 
organic synthesis, there is only one structurally characterised 
exam ple o f  an indium (m)-triflate com plex.4 Indium (m ) hydride 
and halide com plexes o f  /V-heterocyclic carbenes have been 
reported by Jones, formed by addition o f ‘free’ IM es carbene to 
InHj or InX 3 precursors; and are noteworthy for their thermal 
stability.5'7 We report here an alternative, and convenient, 
synthetic route to indium (ui) /V-heterocyclic carbene com plexes 
using an air-stable im idazolium  chloride salt precursor and 
subsequent formation and structural characterisation o f  an 
indium bistriflate carbene com plex. The corresponding m ono- 
triflate com plex is also reported. These two com plexes represent 
structural m odels for the poorly defined catalyst In(O Tf )3.
Reaction o f  [IM esH]Cl with one equivalent o f  InM e3 affords 
air stable (but m oisture sensitive) (IM es)InM e2Cl, 1, in essen­
tially quantitative yield (Schem e 1). C om pound 1 was fully 
characterised by N M R  spectroscopy, |  m icroanalysis and X-ray 







F ig . 1 S o lid -s ta te  str u c tu r e  o f  1. H y d r o g en  a to m s  are  o m itte d  for  
clarity . S e lec ted  b o n d  len g th s  (A) a n d  a n g le s  (°): I n - C ( l )  2 .2 6 7 (2 ) ,  
I n -C (4 )  2 .1 6 6 (2 ) ,  I n - C ( 5 )  2 .1 5 6 (2 ) ,  I n - C l ( l )  2 .4 8 0 7 (6 ) ,  C ( l ) - I n - C l ( l )  
9 1 .4 5 (5 ) ,  C ( l ) - I n - C ( 4 )  1 1 2 .9 5 (9 ) ,  C ( l ) - I n - C ( 5 )  1 0 8 .2 8 (7 ) .
f  E le c tr o n ic  su p p le m e n ta r y  in fo r m a tio n  (E S I )  ava ila b le: F u ll e x p e r i­
m en ta l d a ta  for th e  n e w  c o m p o u n d s .  S e e  h ttp ://w w w .r sc .o r g /su p p d a ta /  
d t /b 4 /b 4 0 4 1 7 9 h /
Com plex 1 is m onom eric in the solid-state with no close 
(<4.1 A] interm olecular contacts. The indium centre is four co­
ordinate, but does not adopt the pseudo-tetrahedral arrange­
ment as found in (IM es)InC l3.5 Instead, the single chloride 
ligand lies orthogonal to the carbene ligand, (C (l) -In -C l( l)  
91.45(5)°]. This com pressed angle suggests the possibility 
o f  a weak C „ rbenc • • • Cl interaction. That the associated 
Cc„b«ne • * * Cl distance (3.40 A) also lies just inside the 
van der Waals radii o f  carbon and chlorine (3.60 A) and the 
carbene ligand is canted towards C l( l)  by 12.8°, gives further 
weight to the presence o f  a weak C „ rbcne • • • Cl interaction. 
Such interactions have been noted recently in high valent 
vanadium (v)* and titan ium (iv)9 com plexes, but not previously 
for indium. The closely related dihydride, (IM es)InH 2Cl,5 has 
been reported by Jones and although no close C cirbene • ■ • Cl 
interactions were com m ented on, it was noted that the C -In -C l 
angle was com pressed from tetrahedral [101.7°]. Optimisation  
o f  1 at the B 3L Y P/L A N 2D Z  level o f  theory gave good agree­
ment with the observed structure o f  1 (Fig. 2 f ) ,  demonstrating 
that the solid-state structure is not dominated by crystal 
packing effects. We have also prepared equivalent com plexes 
with a bromide ligand {starting from [IMesH]Br} or other 
carbenes [e.g. H 2IM es], and these also show similar acute 
Cc. rbtnt- I n -X  angles in the solid-state.
F ig . 2 D F T  ( B 3 L Y P /L A N 2 D Z )  o p t im ise d  s tru ctu re  o f  1. S e lec ted  
c a lcu la ted  d is ta n c e s  (A) a n d  a n g le s  (°): C c, tbenc- I n - C l  9 3 .8 2 , I n -C l  
2 .5 1 6 , I n -C c. rb. n« 2 .3 0 6 ,  C l - C c. rbtn,  3 .5 2 5 , C c. rb. ne • • • C l 3 .5 2 5 .
Complex 1 is a good  starting point for the .synthesis o f  
indium-triflate com plexes. Thus, treatment o f  1 with one 
equivalent o f  T M S -O T f (trimethylsilyl triflate) results in the 
clean formation o f  the m onotriflate species (IM es)InM e2(O T f), 
complex 2 and the concom itant release o f  M e3SiCl (by N M R  
spectroscopy) (Schem e 2). C om plex 2 was fully characterised by 





CH j C I j
[IMesHJCI
Thi s  j o u r n a l  i s O Th e  R o y a l  S o c i e t y  o f  C h e m i s t r y  2 0 0 4 D a l t o n  T r a n s . ,  2 0 0 4 ,  1 5 1 9 -  1 5 2 0  [ ' 1 5 1 9 ^
F ig . 3  S o lid -s ta te  s tru c tu re  o f  2 , s h o w in g  th e  e x te n d e d  s tru ctu re  in the  
la tt ic e  a lo n g  th e  c ax is. H y d r o g en  a to m s  are o m it te d  fo r  clarity . S e lec ted  
b o n d  len g th s  (A) a n d  a n g le s f ) :  I n - C ( l )  2 .1 4 3 (2 ) ,  ln - C ( 2 )  2 .1 4 1 (2 ) ,  
I n - C ( 3 )  2 .2 6 4 (2 ) ,  I n - O ( l )  2 .5 8 8 (2 ) ,  I n - 0 ( 2 ) '  2 .4 6 2 (2 ) ,  C ( l ) - I n - C ( 2 )  
1 3 5 .0 (1 ) ,  C ( 2 ) - ln - C ( 3 )  1 1 1 .7 (1 ) , C (1  ) - I n - C ( 3 )  1 1 2 .9 (  1), C ( 3 ) - I n - 0 ( 2 ) '  
8 8 .5 9 (7 ) ,  C ( 3 ) - I n - 0 ( 1 )  8 0 .0 7 (7 ) ,  0 ( 2 ) ' - I n - 0 ( l )  1 6 8 .5 7 (6 ).
In the solid-state complex 2 adopts a trigonal bipyramidal 
structure with respect to indium, com plexed with one IM es, two 
m ethyl and two triflate ligands, one o f  the latter arising from an 
adjacent m olecule in the lattice, overall resulting in a one­
dim ensional co-ordination polymer. In so lu tion , this extended 
structure is unlikely to persist, given that 2 shows good solu­
bility in CH jC 12. Possible structures could be m onom eric or 
dimeric (similar to that found for 3 in the solid-state, vide infra). 
T he ‘H N M R  spectrum o f  2\ shows the expected signals for 
IM es and methyl ligands while the l9F N M R  spectrum shows 
on e triflate environm ent (*5,9F - 7 8 .7  ppm).
Addition o f  a further equivalent o f  T M S -O T f to 2 does not 
result in further substitution by triflate to  afford a bis triflate 
com plex. Instead this can be accessed by addition o f  one 
equivalent o f  H O T f to 2 (or direct addition o f  two equivalents 
o f  H O T f to (IM es)InM e3 l0) resulting in the clean formation 
o f  (IM es)InM e(O T f)2, 3, which has been fully characterised 
by N M R  spectroscopy,! m icroanalysis and X-ray crystallo­
graphy^
The structure o f  3 is presented in Fig. 4, and this dem on­
strates that the com plex forms a centrosym m etric dimer in the 
solid-state, with the IM es ligands orientated mutually anti, and 
one terminal and one bridging triflate ligand. The indium  
centre is in an approximate trigonal bipyramidal coordination  
environment with the methyl, IM es and one O T f ligand occupy­
ing the eauatorial positions. The In -C cirbent distance (In-C (2) 
2.183(2) A] is the shortest o f  the three com pounds reported 
here, reflecting the formal dicationic nature o f  the metal centre 
in 3 (Scheme 3). It is also shorter than equivalent distances 
in previously reported com plexes with indium -IM es m otifs.5,6
F ig . 4 S o lid -s ta te  s tru c tu re  o f  3 . H y d r o g en  a to m s  are o m itte d  for  
clarity . S e lec ted  b o n d  len g th s  (A) a n d  a n g le s  (°): I n - C ( l )  2 .1 1 5 (2 ) ,  
I n -C (2 )  2 .1 8 3 (2 ) , I n - O ( l )  2 .4 2 9 (1 ) ,  I n - 0 ( 3 ) '  2 .1 8 5 (1 ) ,  I n - 0 ( 4 )  
2 .2 5 0 (2 ) ,  C ( 2 ) - I n - C ( l )  1 3 8 .0 (1 ) , C ( 2 ) - I n - 0 ( 1 )  8 4 .3 (1 ) ,  C ( 2 ) - I n - 0 ( 3 ) '  
1 0 6 .5 (1 ) , C ( 2 ) - I n - 0 ( 4 )  8 8 .0 (1 ).
HOTf
c h 2c i2
Scheme 3
In solution, only one triflate environment is observed (<5I9F  
- 7 7 . 8  ppm), suggesting rapid exchange at room temperature.
In conclusion, we have dem onstrated that indium(m) 
/V-heterocyclic carbene com plexes can be conveniently prepared 
from an air-stable im idazolium  chloride salt precursor. M ono- 
and bis-triflate indium carbene com plexes have also been 
prepared. These represent rare exam ples o f  structurally charac­
terised indium-triflates, which are m odels for the well known, 
but ill-defined, In (O T f)3 catalyst. Future publications will 
address the use o f  these com plexes in Lewis-acid catalysis.10
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u n iq u e  r e le c tio n s  = 9 8 0 9  [R (in t)  =  0 .0 3 4 0 ], /?, =  0 .0 2 7 7 , wR2 =  0 .0 6 3 8  
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